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ABSTRACT 

T h i s  memorandum c o n t a i n s  documen ta t ion  o f  t h e  UNIVAC 
1 1 0 8 ,  FORTRAN V v e r s i o n  o f  t h e  c o n i c  s u b r o u t i n e s  as d e s c r i b e d  i n  
Guidance System O p e r a t i o n  P lan  (GSOP) f o r  program L U M I N A R Y .  The  
c o n i c  s u b r o u t i n e s  form a compat ib le  group o f  r o u t i n e s  which a re  
used  e x t e n s i v e l y  by h i g h e r  l e v e l  gu idance  r o u t i n e s  i n  b o t h  t h e  
Command Module and Lunar Module computers .  

A l l  o f  t h e  con ic  s u b r o u t i n e s  have been  t e s t e d  a g a i n s t  
da ta  o b t a i n e d  from MIT. 
w i t h  t h e  Apo l lo  Guidance Computer ( A G C )  and w i t h  a double  p r e -  
c i s i o n  v e r s i o n  o f  t h e  s u b r o u t i n e s  programmed on an I B M  360 ( M A C ) .  
The r e s u l t s  produced  by t h e  U N I V A C  1 1 0 8  v e r s i o n  a g r e e  more c l o s e l y  
w i t h  MAC t h a n  do t h e  AGC r e su l t s .  

The MIT data  are f o r  t e s t s  per formed 

The c o n i c  s u b r o u t i n e s  a r e  d i s c u s s e d  from a u s e r ' s  
v i e w p o i n t .  P o s s i b l e  problem a r e a s  are o u t l i n e d ,  and a d i s c u s s i o n  
o f  n u m e r i c a l  a c c u r a c y  and t e s t  r e s u l t s  are  i n c l u d e d .  
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MEMORANDUM FOR F I L E  

I .  I n t r o d u c t i o n  

The c o n i c  s u b r o u t i n e s ,  as d e s c r i b e d  i n  Guidance System 
Opera t ion  P l a n  (GSOP)  for program L U M I N A R Y ( 1 ) ,  have been programmed 
i n  FORTRAN V for t he  U N I V A C  1108 .  These s u b r o u t i n e s  form a com- 
p a t i b l e  group o f  c o n i c  s u b r o u t i n e s  which are used  e x t e n s i v e l y  b y  
h i g h e r  l e v e l  gu idance  r o u t i n e s  and programs i n  b o t h  t h e  Command 
Module and t h e  Lunar  Module computers .  The c o n i c  s u b r o u t i n e s  are 
p r e s e n t l y  b e i n g  used  i n  s u b r o u t i n e s  c a p a b l e  o f  p e r f o r m i n g  t h e  t a r -  
g e t i n g  c a l c u l a t i o n s  f o r  c o e l l i p t i c  rendezvous  maneuvers .  The 
c o e l l i p t i c  rendezvous  t a r g e t i n g  s u b r o u t i n e s  are  t h e  A p o l l o  on-board 
r o u t i n e s  as d e s c r i b e d  i n  Reference  (1) and i n c l u d e  c a p a b i l i t y  for 
C o e l l i p t i c  Sequence I n i t i a t i o n  ( C S I )  , Cons tan t  D i f f e r e n t i a l  A l t i t u d e  
( C D H )  , T r a n s f e r  Phase  I n i t i a l i z a t i o n  ( T P I ) ,  and midcourse  c o r r e c t i o n s .  
The t a r g e t i n g  s u b r o u t i n e s  a re  b e i n g  developed  j o i n t l y  by t h e  a u t h o r s  
and G .  J .  Miel (2011), and a t  t h i s  t i m e  are  i n  f i n a l  s tage o f  t e s t i n g .  

A v e r b a l  d e s c r i p t i o n  of  t h e  a v a i l a b l e  c o n i c  s u b r o u t i n e s  
i s  c o n t a i n e d  i n  S e c t i o n  I1 fo l lowed  by  S e c t i o n  I11 w i t h  a d i s -  
c u s s i o n  o f  t h e  r e f e r e n c e s  used i n  t h e  i m p l e m e n t a t i o n  o f  t h e  sub-  
r o u t i n e s .  S e c t i o n s  I V  and V d e s c r i b e  t h e  s u b r o u t i n e s  from a u s e r ' s  
v i e w p o i n t .  S e c t i o n  V I  i s  a d i s c u s s i o n  o f  p o s s i b l e  l o g i c a l  p roblem 
areas o f  which t h e  u s e r  s h o u l d  b e  aware. F i n a l l y ,  i n  S e c t i o n  V I 1  
t e s t  r e s u l t s  are p r e s e n t e d  a n d  p o s s i b l e  n u m e r i c a l  d i f f i c u l t i e s  are  
d l s  c u s s e d .  

11. Conic S u b r o u t i n e s  - D e s c r i p t i o n  

The c o n i c  s u b r o u t i n e s  can b e  d i v i d e d  i n t o  two g r o u p s ,  
T h e  f i r s t  group c o n t a i n s  t h o s e  s u b r o u t i n e s  r e q u i r e d  by h i g h e r  
l e v e l  gu idance  s u b r o u t i n e s  and t h u s  must b e  c a l l e d  e x t e r n a l l y .  
The s e c o n d  group i n c l u d e s  t h e  s u b r o u t i n e s  t h a t  do c a l c u l a t i o n s  i n  
s u p p o r t  o f  t h e  f i r s t  group.  

The s u b r o u t i n e s  used by e x t e r n a l  programs are:  

and v e l o c i t y  v e c t o r s  a t  a t e r m i n a l  p o s i t i o n ,  g i v e n  
t h e  i n i t i a l  p o s i t i o n  and  v e l o c i t y  v e c t o r s  and a t r a n s -  
f e r  t i m e  t o  t h e  t e r m i n a l  p o s i t i o n ,  

1. K e p l e r  S u b r o u t i n e :  s o l v e s  for t h e  two-body p o s i t i o n  
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2 .  Lamber t  S u b r o u t i n e :  s o l v e s  f o r  t h e  two-body i n i t i a l  
v e l o c i t y  v e c t o r ,  g iven  t h e  i n i t i a l  and t e r m i n a l  
p o s i t i o n  v e c t o r s  and a d e s i r e d  t r a n s f e r  t i m e .  

3. Time-Theta  S u b r o u t i n e :  s o l v e s  f o r  t h e  two-body t r a n s -  
f e r  t i m e ,  g i v e n  t h e  i n i t i a l  p o s i t i o n  and v e l o c i t y  vec- 
t o r s  and t h e  t r u e  anomaly d i f f e r e n c e  ( t r a n s f e r  a n g l e )  
t o  t h e  t e r m i n a l  p o s i t i o n .  

4 .  Time-Radius S u b r o u t i n e :  s o l v e s  f o r  t h e  two-body t r a n s -  
f e r  time t o  a s p e c i f i e d  r a d i u s  g i v e n  t h e  i n i t i a l  p o s i t i o n  
and v e l o c i t y  v e c t o r s ,  t h e  d e s i r e d  r a d i u s  magni tude ,  and 
a f l a g  d e n o t i n g  t h e  upward or downward i n t e r s e c t i o n .  

5 .  P e r i c e n t e r - A p o c e n t e r  S u b r o u t i n e :  s o l v e s  for t h e  two- 
body p e r i c e n t e r  and a p o c e n t e r  a l t i t u d e s ,  g i v e n  t h e  
p o s i t i o n  and v e l o c i t y  v e c t o r s  for a p o i n t  on t h e  t r a -  
j e c t o r y .  

The s u b r o u t i n e s  which are  r e q u i r e d  b y  t h e  above sub-  
r o u t i n e s  are:  

6 .  Aps ides  S u b r o u t i n e :  s o l v e s  for t h e  two-body r a d i i  
o f  a p o c e n t e r  and p e r i c e n t e r  and t h e  e c c e n t r i c i t y  o f  
t h e  t r a j e c t o r y ,  g iven  t h e  p o s i t i o n  and v e l o c i t y  vec- 
t o r s  f o r  a p o i n t  on t h e  t r a j e c t o r y .  

7 .  Conic Parameters S u b r o u t i n e :  s o l v e s  f o r  u n i t  p o s i -  
t i o n ,  u n i t  v e l o c i t y  and  u n i t  normal  v e c t o r s  as w e l l  
as t h e  c o t a n g e n t  of t h e  f l i g h t  p a t h  a n g l e  (as  measured 
from t h e  v e r t i c a l ) ,  t h e  n o r m a l i z e d  s e m i - l a t u s  rec tum,  
and r e c i p r o c a l  o f  t h e  n o r m a l i z e d  semi-major  a x i s  ,* 
g i v e n  t h e  p o s i t i o n  and  v e l o c i t y  v e c t o r s .  

8 .  U n i v e r s a l  Variable  S u b r o u t i n e :  s o l v e s  for t h e  u n i v e r -  
s a l  v a r i a b l e s  r e q u i r e d  t o  s o l v e  f o r  t i m e  i n  t h e  
u n i v e r s a l  form of Kepler 's  e q u a t i o n .  I n p u t s  r e q u i r e d  
are an i n i t i a l  p o s i t i o n  v e c t o r ,  t h e  c o t a n g e n t  o f  t h e  
f l i g h t  p a t h  a n g l e ,  t h e  n o r m a l i z e d  s e m i - l a t u s  r ec tum,  
t h e  r e c i p r o c a l  o f  t h e  n o r m a l i z e d  semi-maj or a x i s ,  
and  t h e  c e n t r a l  a n g l e  f rom t h e  i n i t i a l  p o s i t i o n  vec- 
t o r  t o  a f i n a l  p o s i t i o n  v e c t o r .  

9 .  K e p l e r  E q u a t i o n  S u b r o u t i n e :  s o l v e s  for t h e  v a l u e s  
o f  t h e  two t r a n s c e n d e n t a l  f u n c t i o n s  and  f o r  t i m e  
u s i n g  t h e  u n i v e r s a l  form of  Kepler ' s  e q u a t i o n ,  g i v e n  
t h e  u n i v e r s a l  v a r i a b l e s .  T h i s  s u b r o u t i n e  u s e s  a 

*The s e m i - l a t u s  r e c t u m  and semi-major  a x i s  are n o r m a l i z e d  
b y  t h e  magni tude  of t h e  i n i t i a l  p o s i t i o n  v e c t o r .  
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n i n t h - d e g r e e  Chebyshev po lynomia l  approx ima t ion  
t o  t h e  i n f i n i t e  ser ies  form for t h e  u n i v e r s a l  t r a n -  
s c e n d e n t a l  f u n c t i o n s .  

1 0 .  S t a t e  V e c t o r  S u b r o u t i n e :  s o l v e s  f o r  t h e  two-body 
t e r m i n a l  p o s i t i o n  and v e l o c i t y  v e c t o r s ,  g i v e n  t h e  
u n i v e r s a l  v a r i a b l e s  and  t h e  s o l u t i o n  t o  K e p l e r ' s  
e q u a t i o n .  

Two a d d i t i o n a l  s u b r o u t i n e s  a r e  a l s o  d e s c r i b e d  i n  t h e  
GSOP: t h e  Geometr ic  Parameter  S u b r o u t i n e  and t h e  I t e r a t o r  Sub- 
r o u t i n e .  The Geometr ic  Pa rame te r  S u b r o u t i n e  pe r fo rms  c a l c u l a t i o n s  
which are a s u b s e t  of t h e  c a l c u l a t i o n s  per formed by t h e  Conic 
Parameter S u b r o u t i n e .  The I t e r a t o r  S u b r o u t i n e  computes t h e  v a l u e  
o f  t h e  i n d e p e n d e n t  v a r i a b l e  which d r i v e s  t h e  e r r o r  i n  t h e  dependent  
v a r i a b l e  t o  z e r o  d u r i n g  t h e  i t e r a t i o n s  i n  t h e  K e p l e r  and t h e  Lam- 
b e r t  s u b r o u t i n e s .  I n  t h e  UNIVAC 1 1 0 8  f o r m u l a t i o n  b y  t h e  a u t h o r s ,  
i t  was more conven ien t  t o  b u i l d  t h e  g e o m e t r i c  p a r a m e t e r  and 
i t e r a t o r  i n t o  t h e  c o n i c  s u b r o u t i n e  c a l c u l a t i o n s  r a t h e r  t h a n  
e s t a b l i s h  s e p a r a t e  s u b r o u t i n e s .  

Another  r o u t i n e  s t r u c t u r e d  l i k e  t h e  GSOP model,  b u t  
c o n s i d e r a b l y  more complex than  t h e  c o n i c  r o u t i n e s  i s :  

11. I n i t i a l  V e l o c i t y  S u b r o u t i n e :  computes t h e  i n i t i a l  
v e l o c i t y  v e c t o r  f o r  an i n t e g r a t e d  t r a j e c t o r y  t h a t  
passes between i n i t i a l  and f i n a l  p o s i t i o n  v e c t o r s  
i n  a s p e c i f i e d  t ime.  

T h i s  s u b r o u t i n e  c o n t r o l s  a mirror- image i t e r a t i v e  t a r g e t i n g  p ro -  
c e s s  t o  a c h i e v e  i t s  answer.  It u s e s  a l t e r n a t e l y  t h e  Lamber t  
s u b r o u t i n e  and a p r e c i s i o n  i n t e g r a t i o n  package f o r  b a l l i s t i c  
f l i g h t  t h a t  i n c l u d e s  a f u l l  g r a v i t y  model.  An o f f s e t  t a r g e t  
v e c t o r  u sed  by t h e  Lambert  r o u t i n e  i s  p r o g r e s s i v e l y  s h i f t e d  s o  
t h a t  t h e  Lambert-computed v e l o c i t y  r e s u l t s  i n  an i n t e g r a t e d  
t r a j e c t o r y  t h a t  h i t s  t h e  o r i g i n a l  t a rge t  v e c t o r .  The o f f s e t  
i s  a v a i l a b l e  as an a u x i l i a r y  o u t p u t .  An i n p u t  v a r i a b l e  s p e c i f i e s  
t h e  number o f  i t e r a t i o n  c y c l e s ,  u s u a l l y  t h r e e .  A z e r o  v a l u e  w i l l  
t e r m i n a t e  t h e  c a l c u l a t i o n  a f t e r  t h e  f i r s t  L a m b e r t  s o l u t i o n ,  

111. Computat ions Requ i red  With in  t h e  S u b r o u t i n e s  - R e f e r e n c e s  

Refe rences  (1) and ( 2 )  were used  e x t e n s i v e l y  i n  
w r i t i n g  t h e  FORTRAN v e r s i o n  of t h e  s u b r o u t i n e s .  Re fe rence  (1) 
c o n t a i n s  t h e  b a s i c  flow c h a r t s  of  t h e  r e q u i r e d  computa t ions ,  
w h i l e  Reference  ( 2 )  c o n t a i n s  f low c h a r t s  t h a t  would be  r e q u i r e d  
b y  one who would be  programming t h e  on-board computers .  F o r t u -  
n a t e l y ,  Reference  ( 2 )  r e l a t e s  i t s  nomenc la tu re  t o  t h e  nomenc la tu re  
as u s e d  i n  t h e  GSOP (Refe rence  (1)) s o  comparison o f  t h e  two 
r e f e r e n c e s  i s  r e l a t i v e l y  easy.  Refe rence  ( 2 )  i s  v a l u a b l e  because  
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d e t a i l s  r e l a t i n g  t o  t e s t s  per formed d u r i n g  t h e  computa t ions ,  
e r r o r  t e r m i n a t i o n s ,  c o r r e c t i v e  a c t i o n  when c a l c u l a t i o n s  exceed  
t h e o r e t i c a l  l i m i t s ,  and v e r b a l  d e s c r i p t i o n  o f  t h e  computa t ions  
are g i v e n .  I n  g e n e r a l  t h e s e  t e s t s  and r e q u i r e d  c o r r e c t i v e  
a c t i o n s  are n o t  i n d i c a t e d  i n  t h e  f low d iagrams of  Refe rence  (1). 

Refe rence  ( 3 )  was p r e p a r e d  w i t h  t h e  i n t e n t i o n  t h a t  i t  
be  used  t o g e t h e r  w i t h  a symbolic  t a b u l a t i o n  o f  t h e  a c t u a l  com- 
p u t e r  program. The nomencla ture  used  by t h i s  r e f e r e n c e  i s  d i f -  
f e r e n t  from t ha t  of  References  (1) and ( 2 ) ;  however,  Re fe rence  ( 3 )  
does  c o n t a i n  a d e s c r i p t i o n  of e a c h  v a r i a b l e  which i t  u s e s .  Two 
s i t u a t i o n s  a r o s e  i n  which t h e  i n f o r m a t i o n  c o n t a i n e d  i n  Refe rences  
(1) and ( 2 )  was e i t h e r  incomple t e  or i n c o r r e c t ,  and i n  b o t h  c a s e s  
i t  was p o s s i b l e  t o  produce  a working program by i n t e r p r e t i n g  t h e  
program l i s t i n g s  i n  Reference  ( 3 )  a l o n g  w i t h  Re fe rences  (4) and 
( 5 )  

F i n a l l y ,  Re fe rences  (41, ( 5 )  and ( 6 )  a l o n g  w i t h  Re fe rence  
( 2 )  p r o v i d e  t h e  d e r i v a t i o n s  and b a s i c  background f o r  u n d e r s t a n d i n g  
t h e  meaning of  t h e  computa t ions  per formed w i t h i n  t h e  c o n i c  sub-  
r o u t i n e s .  

I V .  Arrangement of  t h e  S u b r o u t i n e s  

A s i n g l e  common b lock  was e s t a b l i s h e d  f o r  i n c l u s i o n  
i n  e a c h  s u b r o u t i n e .  Each v a r i a b l e  i n  t h i s  common b l o c k  has 
e x a c t l y  t h e  same meaning w i t h i n  a l l  s u b r o u t i n e s  a l t h o u g h  a l l  
v a r i a b l e s  are  n o t  u sed  w i t h i n  e v e r y  s u b r o u t i n e .  T h i s  p r o c e d u r e  
a l l o w s  f o r  minimum computa t ion  t i m e  and minimum s t o r a g e  r e q u i r e -  
ments  s i n c e  a c a l l  l i s t  i s  not  r e q u i r e d  when one s u b r o u t i n e  c a l l s  
a n o t h e r  s u b r o u t i n e .  

A s  ment ioned  i n  a p r e v i o u s  s e c t i o n ,  t h e  Geometr ic  
Parameter and t h e  I t e r a t o r  S u b r o u t i n e s  have been  b u i l t  i n t o  t h e  
r o u t i n e s  which c a l l  them. These two s u b r o u t i n e s  do, however,  
r e q u i r e  a c a l l  l i s t .  T h i s  approach appeared r e a s o n a b l e  s i n c e  
t h e  b u i l t - i n  form n e v e r  r e q u i r e d  more t h a n  f o u r  or f i v e  l i n e s  
o f  FORTRLV cod ing ,  and each o f  t h e s e  s u b r o u t i n e s  i s  r e q u i r e d  b y  
o n l y  two of t h e  c o n i c  s u b r o u t i n e s .  

Appendix A i d e n t i f i e s  a l l  FORTRAN v a r i a b l e s  used  w i t h i n  
t h e  c o n i c  s u b r o u t i n e s  a l o n g  wi th  t h e  nomenc la tu re  used  i n  t h e  
GSOP. The v a r i a b l e s  are d i v i d e d  i n t o  g roups  a c c o r d i n g  t o  t h e i r  
f u n c t i o n  and are i n  a l p h a b e t i c a l  o r d e r  w i t h i n  each  group.  A l l  
of t h e  c o n i c  FORTRAN v a r i a b l e s  are i n  a common b l o c k  / C C D N I C /  
which  i s  c o n t a i n e d  i n  a PDP deck ( d e s c r i b e d  i n  Appendix B) w i t h  
e n t r y  p o i n t  Q C D N I C f  FCDPY. The common b l o c k  i s  i n s e r t e d  i n t o  
t h e  v a r i o u s  s u b r o u t i n e s  a t  time o f  c o m p i l a t i o n  by means of  t h e  
I N C L U D E  s t a t e m e n t .  

I n  a d d i t i o n  t o  t h e  / C C @ N I C /  common b l o c k ,  two o t h e r  
common b l o c k s ,  /CC@N/ and /CSPNT/, are r e q u i r e d  w i t h i n  t h e  sub-  
r o u t i n e s .  /CCDN/  c o n t a i n s  c o n v e r s i o n  c o n s t a n t s  r e q u i r e d  w i t h i n  
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t h e  s u b r o u t i n e s  and /CSPNT/ c o n t a i n s  s p e c i a l  p r i n t  r e q u e s t  f l a g s .  
These common b l o c k s ,  d e s c r i b e d  i n  Appendix B,  are a l s o  compi l ed  
i n t o  r e q u i r e d  s u b r o u t i n e s  b y  means o f  t h e  INCLUDE s t a t e m e n t .  
The p r e s e n t  a r r angemen t  o f  t h e  t h r e e  common b l o c k s  i s  o n l y  f o r  
conven ience  i n  u s i n g  t h e  con ic  r o u t i n e s  i n  an e x i s t i n g  program.  
The u s e r  i s  f ree  t o  r e a r r a n g e  t he  v a r i a b l e s  i n t o  o t h e r  common 
b l o c k s  as l o n g  as a l l  v a r i a b l e s  are  i n c l u d e d  i n  t h e  s u b r o u t i n e s  
as r e q u i r e d .  

I n  o r d e r  t o  u s e  a s u b r o u t i n e  v i a  a c a l l  f rom an  
e x t e r n a l  program,  i t  i s  n e c e s s a r y  t o  f i l l  v a r i a b l e  v a l u e s  i n  t h e  
common b l o c k  f rom i n p u t  v a r i a b l e s .  A t  t h e  c o n c l u s i o n  o f  t h e  
c o m p u t a t i o n ,  v a l u e s  from the  common b l o c k  which a re  t o  b e  o u t -  
p u t  must be  s t o r e d .  To f a c i l i t a t e  t h i s  a b u f f e r  s u b r o u t i n e  has 
been  w r i t t e n  which c o n t a i n s  e n t r y  p o i n t s  w i t h  a s s o c i a t e d  c a l l  
l i s t s  f o r  e a c h  o f  t h e  r e q u i r e d  s u b r o u t i n e s .  Appendix C c o n t a i n s  
b o t h  t h e  s u b r o u t i n e  names as t h e y  would b e  c a l l e d  when t h e  v a r i a b l e  
v a l u e s  a r e  c o n t a i n e d  w i t h i n  a common b l o c k  ( w i t h o u t  a c a l l  l i s t )  
and  t h e  s u b r o u t i n e  names w h i c h  would be  used  e x t e r n a l l y  when da ta  
must b e  c a r r i e d  t h r o u g h  a c a l l  l i s t .  Some s u b r o u t i n e s  have  n o t  
been  i n c l u d e d  w i t h  a c a l l  l i s t  name, b u t  t h e  u s e r  may add these  
w i t h  t h e  p r o p e r  c a l l i n g  arguments  i f  t h e i r  u s e  i s  r e q u i r e d .  

The  b u f f e r  s u b r o u t i n e  i s  l i s t e d  i n  Appendix D and  
comment c a r d s  a r e  i n c l u d e d  t o  d e f i n e  t h e  c a l l  l i s t  v a r i a b l e s .  
The b u f f e r  s u b r o u t i n e  i s  c a l l e d  MITC0N; however ,  a l l  c a l l s  t o  
t h i s  s u b r o u t i n e  must b e  v i a  one o f  t h e  e n t r y  p o i n t s .  

The f i r s t  e n t r y  p o i n t  shown i s  ENTRY M I T I N I ( I C B g D Y ) ,  
which  i s  c a l l e d  t o  i n i t i a l i z e  c e r t a i n  v a r i a b l e s  and  c o n s t a n t s  
a c c o r d i n g  t o  t h e  a t t r a c t i n g  body ( p r e s e n t l y  e i t h e r  E a r t h  or 
Moon). T h i s  e n t r y  p o i n t  must b e  c a l l e d  one t i m e  b e f o r e  u s i n g  
any o f  t h e  c o n i c  s u b r o u t i n e s  a n d  t h e r e a f t e r  a c a l l  t o  t h i s  
r o u t i n e  i s  n e c e s s a r y  on ly  i f  t h e  c e n t r a l  body s h o u l d  change .  
The v a r i a b l e  v a l u e s  s e t  by t h i s  p o r t i o n  o f  t h e  body are  as g i v e n  
i n  R e f e r e n c e  (1) and can b e  changed b y  t h e  u s e r ,  o r  e x t e n d e d  t o  
use  t h e  c o n i c  s u b r o u t i n e  w i t h  o t h e r  a t t r a c t i n g  b o d i e s .  

-- 

The r e m a i n d e r  of t h e  e n t r y  p o i n t s  o f  M I T C 0 N  are 
documented i n  t h e  l i s t i n g  of  Appendix D .  The  p r e s e n t  form o f  t h e  
c a l l  l i s t s  a re  as r e q u i r e d  by t h e  a u t h o r s ,  b u t  f reedom e x i s t s  
f o r  t h e  u s e r  t o  i n c r e a s e  or decrease these  c a l l  l i s t s .  Appendix 
E c o n t a i n s  a l i s t i n g  o f  e a c h  o f  t h e  c o n i c  s u b r o u t i n e s .  

A word of  c a u t i o n  t o  t h e  u s e r  - i n  i t s  p r e s e n t  form,  
i t  i s  assumed t h a t  a l l  i n p u t  a n d  o u t p u t  v e c t o r s  a r e  d imens ioned  
f o u r  w i t h  t h e  magni tude  o f  t h e  v e c t o r  b e i n g  t h e  f o u r t h  component.  
I t  i s  f u r t h e r  assumed t h a t  i n p u t  data  v i a  a c a l l  l i s t  s u p p l i e s  a l l  
f o u r  components of t h e  v e c t o r ,  and  t h e  magni tude  o f  o u t p u t  v e c t o r s  
are a l w a y s  r e t u r n e d  t h r o u g h  t h e  c a l l  l i s t  o u t p u t  v e c t o r s .  I f  t h e  
u s e r  e i t h e r  d imens ions  h i s  v e c t o r s  b y  t h r e e ,  or i f  he d o e s  n o t  
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w i s h  t o  supp ly  magni tudes  o f  a l l  i n p u t  v e c t o r s ,  t h e n  i t  i s  
n e c e s s a r y  t o  modify t h e  s t a t e m e n t s  i n  S u b r o u t i n e  M I T C O N  which 
t r a n s f e r s  da ta  from c a l l  l i s t  v e c t o r s  and t h e  common b l o c k  vec- 
t o r s .  The magnitude can  b e  computed a t  t h i s  t i m e  s o  t h a t  a l l  
v e c t o r s  i n  t h e  common b l o c k  which are  i n p u t  q u a n t i t i e s  w i l l  
c o n t a i n  t h e  magnitude i n  t h e  f o u r t h  p o s i t i o n .  

Automatic  p r i n t i n g  o f  d e s c r i p t i v e  e r r o r  messages and  
of p e r t i n e n t  v a r i a b l e  v a l u e s  h a s  been i n c l u d e d  a t  n e c e s s a r y  
p o i n t s  w i t h i n  t h e  s u b r o u t i n e s ,  I n  a d d i t i o n  s p e c i a l  p r i n t i n g  
r e q u e s t  f l a g s  f o r  p r i n t i n g  of t h e  i t e r a t i o n s  w i t h i n  Kep le r  and 
L a m b e r t  s u b r o u t i n e s  a r e  i n c l u d e d .  These r e q u e s t  f l a g s  a re  
d e s c r i b e d  i n  Appendix B under  t h e  e n t r y  p o i n t  WSPNT8 FCgPY. 

A s u b r o u t i n e  which p r i n t s  t h e  c u r r e n t  v a l u e  of  a l l  
v a r i a b l e s  c o n t a i n e d  . i n  t h e  common b l o c k  / C C @ N I C /  has a l s o  been 
w r i t t e n .  T h i s  p r i n t i n g  i s  i n i t i a t e d  b y  a CALL MITFNT. T h i s  
s u b r o u t i n e ,  which i s  l i s t e d  i n  Appendix E ,  i s  v a l u a b l e  f o r  
d i a g n o s t i c  checks  s h o u l d  unexp la ined  problems be  e n c o u n t e r e d  i n  
u s i n g  t h e  c o n i c  s u b r o u t i n e s .  S u b r o u t i n e  MITPNT can  be c a l l e d  
e i t h e r  from t h e  u s e r ' s  program a f t e r  a r e t u r n  from a c o n i c  sub- 
r o u t i n e ,  or by  means o f  an e d i t  a t  v a r i o u s  p o i n t s  w i t h i n  a c o n i c  
s u b r o u t i n e .  

L i s t i n g s  o f  t h e  conic  s u b r o u t i n e s  are c o n t a i n e d  i n  
a l p h a b e t i c a l  o r d e r  i n  Appendix F t h r o u g h  Appendix P .  

V.  Supplementary  Programs Requi red  

A l l  v a r i a b l e  va lues  d u r i n g  d i a g n o s t i c  p r i n t i n g  are  
w r i t t e n  b y  means of an o u t p u t  n a m e l i s t  p rogram,  The n a m e l i s t  
r o u t i n e  NLOUT Is c o n t a i n e d  i n  t h e  U N I V A C  s y s t e m  and i s  a u t o -  
m a t i c a l l y  i n c l u d e d  whenever i t s  use  i s  r e q u i r e d .  However, t h e  
a u t h o r  u s e s  a s p e c i a l  v e r s i o n  o f  NLOUT deve loped  b y  Miss P .  A .  
Whi t lock  ( 2 0 1 4 )  which p r i n t s  s i x  v a r i a b l e  v a l u e s  p e r  l i n e  of  
o u t p u t .  S i n c e  t h e  sys t em r o u t i n e  p r i n t s  one t o  f o u r  v a l u e s  p e r  
l i n e ,  a c o n s i d e r a b l e  r e d u c t i o n  i s  a c h i e v e d  i n  o u t p u t  l i n e s  o f  
p r i n t  b y  u s i n g  t h e  s p e c i a l  v e r s i o n  o f  NLOUT. I n s t e a d  of  u s i n g  
NLQUT one c o u l d  change t o  FORTRAN fo rma t  s t a t e m e n t s ,  

Use i s  made o f  a package of  v e c t o r - m a t r i x  f u n c t i o n  
r o u t i n e s  ( R e f e r e n c e  (9)) i n  t h e  FORTRAN cod ing  f o r  t h e  c o n i c  
s u b r o u t i n e s .  The u s e r  w i l l  r e q u i r e  e i t h e r  a b i n a r y  deck o f  
t h e s e  r o u t i n e s  ( a v a i l a b l e  f r o m  t h e  a u t h o r s )  i n  o r d e r  t o  use  t h e  
r o u t i n e s  i n  t h e i r  p r e s e n t  form, or r ep lacemen t  o f  t h e  c a l l s  w i t h  
t h e i r  e q u i v a l e n t  FORTRAN s t a t e m e n t s .  

The I n i t i a l  V e l o c i t y  S u b r o u t i n e  has a c a l l  t o  a p r e -  
c i s i o n  i n t e g r a t i o n  s u b r o u t i n e .  I n  t h e  GSOP, t h e  I n i t i a l  V e l o c i t y  
S u b r o u t i n e  c a l l s  t h e  c o a s t i n g  i n t e g r a t i n g  r o u t i n e ,  which i s  an 
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Encke i n t e g r a t i o n  package .  The FORTRAN s t a t e m e n t  CALL EINTEG--- 
i n  t h e  I n i t i a l  V e l o c i t y  S u b r o u t i n e  c a l l s  t h e  a u t h o r s ’  v e r s i o n  
of  t h e  GSOP c o a s t i n g  i n t e g r a t i o n  package .  The u s e r  must e i t h e r  
remove t h e  I n i t i a l  V e l o c i t y  S u b r o u t i n e  or add a p r e c i s i o n  i n t e -  
g r a t i o n  package .  

V I .  Log ic  Problems 

A l l  o f  t h e  c o n i c  s u b r o u t i n e s  have been  t e s t e d  e x t e n -  
s i v e l y  and r e s u l t s  compared w i t h  t e s t  da t a  o b t a i n e d  from MIT ( 7 ) ( 8 )  
Problem areas r e l a t ed  t o  programming l o g i c  are  d e s c r i b e d  below i n  
t h i s  s e c t i o n .  S e c t i o n  V I 1  d i s c u s s e s  c o m p u t a t i o n a l  d i f f i c u l t i e s  
and n u m e r i c a l  a c c u r a c y .  

The o n l y  l o g i c  problem e n c o u n t e r e d  d u r i n g  t h e  t e s t  was 
t h e  i t e r a t o r  l o g i c  f o r  t h e  Kepler  s u b r o u t i n e .  The  K e p l e r  sub- 
r o u t i n e  has two f e a t u r e s  t o  i n s u r e  r a p i d  convergence  b u t  these  
two f e a t u r e s  can  a l s o  p r e v e n t  convergence  t o  a c o r r e c t  s o l u t i o n  
if t h e  u s e r  i s  n o t  aware of  t h e  way i n  which t h e  Kepler s u b r o u t i n e  
pe r fo rms  t h e  i t e r a t i o n s .  

The i t e r a t i o n  v a r i a b l e  i n  t h e  K e p l e r  s u b r o u t i n e  i s  X .  
I n  o r d e r  t o  i n s u r e  r a p i d  convergence ,  t h e  v a l u e  o f  X i s  c o n f i n e d  
d u r i n g  t h e  i t e r a t i o n  s t e p s  t o  l i m i t s  o f  X M I N  and XMAX which are 
computed i n i t i a l l y  i n  t h e  Kepler s u b r o u t i n e  as X M I N  = 0 .  and 
XMAX = 2r/SQRT(ALP) or XMAX = SQRT(50./-ALP) depending  upon t h e  
s i g n  o f  ALP ( t h e  second e q u a t i o n  a p p l i e s  t o  a h y p e r b o l a ) .  I f  
t h e  computed v a l u e s  o f  XMAX exceed a p r e s e t  v a l u e  X M A X g ,  t h e  sub- 
r o u t i n e  s e t s  XMAX = XMAXQI, t h e  uppe r  l i m i t  on t h e  v a l u e  o f  X which 
may o c c u r  under  normal  usage  o f  t h e  K e p l e r  s u b r o u t i n e . *  

Dur ing  t h e  i t e r a t i o n  s t e p s ,  t h e  l i m i t s  on X are  changed 
a c c o r d i n g  t o  t h e  d i r e c t i o n  i n  which X i s  t o  be  changed.  I f  t h e  
n e x t  change i n  X i s  t o  r educe  i t s  v a l u e  t h e n  XMAX i s  s e t  e q u a l  
t o  X and t h e n  X i s  r educed  f o r  t h e  n e x t  i t e r a t i o n  s t e p .  
i f  t h e  n e x t  change i n  X w i l l  i n c r e a s e  i t s  v a l u e ,  X M I N  i s  s e t  
e q u a l  t o  X b e f o r e  X i s  changed. A t  no s t e p  d u r i n g  t h e  i t e r a t i o n  
i s  X a l l o w e d  t o  go  o u t s i d e  t hese  l i m i t s ,  and t h e  l i m i t s  are always 
changed s o  as t o  y i e l d  a na r rower  r a n g e .  

L ikewise ,  

*The above l i m i t s  XMAX and X M I N  are  f o r  p o s i t i v e  t r a n s f e r  
t i m e .  
as above and t h e n  changes t h e  l i m i t s  t o  

F o r  n e g a t i v e  t r a n s f e r  t i m e  t h e  program computes t h e  l i m i t s  

X M I N  = -XMAX 
XMAX = 0 .  

The r e m a i n d e r  of t h i s  s e c t i o n  i s  e q u a l l y  a p p l i c a b l e  f o r  t h e  c a s e  
n e g a t i v e  t r a n s f e r  t i m e .  
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The i n i t i a l  guess  f o r  t h e  v a l u e  of X and of  DELX 
( t h e  change i n  X )  are computed from a u s e r - s u p p l i e d  v a l u e  
X I N I T  and t h e  p r e v i o u s  s o l u t i o n  o b t a i n e d  by t h e  K e p l e r  s u b r o u t i n e  
g i v e n  b y  T 2 1 P  and XP. The use of t h e  p r e v i o u s  s o l u t i o n  and an 
i n i t i a l  g u e s s  X I N I T  p r o v i d e s  r a p i d  convergence  f o r  t h e  c a s e  
where r e p e a t e d  c a l l s  are  made t o  advance a s t a t e  v e c t o r ,  as 
i s  done w i t h  t h e  Encke i n t e g r a t i o n  method.* T h e  K e p l e r  sub- 
r o u t i n e  would s t i l l  converge i f  X I N I T ,  T 2 1 P  and XP were a l l  
z e r o ;  however, e x t r a  i t e r a t i o n s  cou ld  be  r e q u i r e d .  

The u s e r  must be  c a r e f u l  when s u c c e s s i v e  c a l l s  t o  t h e  
K e p l e r  s u b r o u t i n e  are  made w i t h  d i f f e r e n t  c o n i c s  and X I N I T ,  T21P  
and XP are  n o t  z e r o .  The a u t h o r s  found c a s e s  where the  computed 
v a l u e  o f  DELX on t h e  f i r s t  i t e r a t i o n  was i n  t h e  wrong d i r e c t i o n .  
T h i s  caused  t h e  wrong l i m i t  on X t o  b e  changed w i t h  t h e  r e s u l t  
t h a t  t he  c o r r e c t  v a l u e  o f  X f o r  convergence l a y  o u t s i d e  t h e  l i m i t s  
[ X M A X , X M I N ] .  On t h e  n e x t  i t e r a t i o n ,  t h e  d i r e c t i o n  o f  DELX was 
computed c o r r e c t l y ;  however X was now c o n s t r a i n e d  t o  converge t o  
one of  t h e  l i m i t s  and c o u l d  n o t  converge t o  t h e  c o r r e c t  v a l u e .  

The s o l u t i o n  t o  t h i s  problem i s  t o  z e r o  T 2 1 P ,  XP and 
X I N I T  for e a c h  c a l l  t o  t h e  Kep le r  s u b r o u t i n e  e x c e p t  f o r  t h e  c a s e  
where t h e  s u b r o u t i n e  i s  used  i n  c o n j u n c t i o n  w i t h  t h e  Encke i n t e -  
g r a t i o n  method. When used  w i t h  t h e  Encke i n t e g r a t i o n  r o u t i n e ,  
t h e  v a l u e s  are a l s o  z e r o e d  on t h e  i n i t i a l  c a l l  and t h e r e a f t e r  t he  
s u b r o u t i n e  i s  a l l o w e d  t o  work i n  normal  f a s h i o n .  An a l t e r n a t e  
s o l u t i o n  would be  t o  p r e v e n t  a change i n  XMAX or X M I N  or t h e  f i r s t  
i t e r a t i o n  s t e p .  However, s i n c e  t h i s  would i n v o l v e  changing  t h e  
K e p l e r  s u b r o u t i n e ,  t h e  a u t h o r s  f e e l  t h e  f i r s t  approach  i s  t h e  
b e t t e r  s o l u t i o n .  

The I i e p l e r  and Lambert s u b r o u t i n e s  b o t h  use  a l i n e a r  
i t e r a t o r .  The new change i n  X i s  computed from t h e  p r e v i o u s  change 
i n  X as 

DELX = DELX*(TD-T21) / ( T 2 1 - T 2 1 P ) .  

I f  t h e  change i n  T 2 1  i s  approx ima te ly  l i n e a r  w i t h  changes i n  X 
t h e n  t h e r e  a r e  n o  p rob lems .  However, one t e s t  c a s e  w i t h  a h i g h l y  
e c c e n t r i c  (ECC = 0 . 9 9 9 9 )  e l i p t i c a l  c o n i c  r e q u i r e d  s e v e n t y - e i g h t  
i t e r a t i o n s  t o  converge  because  o f  t h e  h i g h l y  n o n - l i n e a r  r e l a t i o n  
o f  T 2 1  t o  X .  The i n i t i a l  v a l u e s  o f  T 2 1 P ,  XP and X I N I T  were a l l  
z e r o  f o r  t h i s  t e s t .  The i t e r a t o r  caused  t h e  v a l u e  o f  X t o  
o s c i l l a t e  between t h e  two l i m i t s ,  g r a d u a t e l y  r e d u c i n g  t h e  l i m i t s  
u n t i l  t h e  c o r r e c t  s o l u t i o n  was f i n a l l y  o b t a i n e d .  

*See Refe rence  (1) page 5 .2-12  for a method of computing 
X I N I T .  
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I t  s h o u l d  be  n o t e d  t h a t  t h e  l i n e a r  i t e r a t o r  w i l l  
converge  t o  t h e  c o r r e c t  answer b u t  a l a r g e  number of  i t e r a t i o n s  
may r e s u l t  f o r  some c o n i c s .  G e n e r a l l y ,  a l l  t e s t  c a s e s  converged 
r a p i d l y  t o  a s o l u t i o n ;  i f  t he  user  e n c o u n t e r s  problems w i t h  
e x c e s s i v e  number of i t e r a t i o n s  i t  w i l l  be n e c e s s a r y  t o  i n v e s t i -  
g a t e  use  of  a d i f f e r e n t  i t e r a t i o n  t e c h n i q u e .  

If t h e  r e q u e s t e d  t r a n s f e r  t i m e  i s  l a r g e r  t h a n  one 
o r b i t a l  p e r i o d ,  t h e  K e p l e r  s u b r o u t i n e  s u b t r a c t s  m u l t i p l e s  of  
t h e  o r b i t a l  p e r i o d  and s o l v e s  t h e  t r a n s f e r  problem f o r  a t i m e  
less t h a n  one o r b i t a l  p e r i o d .  A n e g a t i v e  d e s i r e d  t r a n s f e r  (TD)  
t i m e  up t o  one o r b i t  w i l l  update  t h e  s t a t e  v e c t o r  backward i n  
t ime.  However, f o r  l a r g e r  n e g a t i v e  v a l u e s  a wrong answer w i l l  
r e s u l t ,  c o r r e s p o n d i n g  t o  a backward upda te  of e x a c t l y  one o r b i t ,  
which e x c e p t  f o r  round-of f  e r r o r s  i s  e q u i v a l e n t  t o  t h e  i n p u t  
v e c t o r s .  T h i s  e r r o r  was i n t e n t i o n a l l y  i n c l u d e d  t o  a g r e e  w i t h  
M I T I S  model.  

V I I .  Test  R e s u l t s  and Numerical D i f f i c u l t i e s  

T e s t  data  have been o b t a i n e d  from MIT ( 7 ) ( 8 )  and com- 
p a r e d  t o  r e s u l t s  from t h e  a u t h o r s '  v e r s i o n  of  t h e  c o n i c  s u b r o u t i n e s .  
MIT ran t h e i r  t e s t  c a s e s  w i t h  two v e r s i o n s  of  t h e  programs.  The 
f i r s t  i s  t h e  on-board program u s i n g  t h e  Apol lo  Guidance Computer 
( A G C )  and the  second i s  an IBM 360 program ( M A C ) .  

The AGC i s  a f i f t e e n - b i t  f i x e d - p o i n t  word machine w i t h  
one b i t  r e s e r v e d  f o r  s i g n . *  Most o f  t h e  computa t ions  a r e  pe r fo rmed  
i n  doub le  p r e c i s i o n  which resu l t s  i n  a twenty-n ine  b i t ,  f i x e d - p o i n t  
word w i t h  one b i t  r e s e r v e d  f o r  s i g n .  T i m e  i n  t h e  A G C  i s  i n  doub le  
p r e c i s i o n  and t h e  computa t ions  w i t h i n  t h e  DELTII  s u b r o u t i n e  a r e  
pe r fo rmed  i n  t r i p l e  p r e c i s i o n .  

The MAC program i s  i n  double  p r e c i s i o n  on t h e  I B M  360. 
The d o u b l e - p r e c i s i o n  word on t h e  360 has s i x t y - f o u r  b i t s  of which 
n i n e  b i t s  form t h e  exponent  and s i g n ,  and f i f t y - f i v e  b i t s  u sed  
f o r  t h e  f r a c t i o n .  The IBM manual s p e c i f i e s  t h a t  t h e  double-  
p r e c i s i o n  word has s e v e n t e e n  dec imal  d i g i t  a c c u r a c y .  The 360 i s  
a f l o a t i n g - p o i n t  machine.  

The U N I V A C  1 1 0 8  v e r s i o n  of  t h e  c o n i c  s u b r o u t i n e s  h a s  
been  programmed i n  s i n g l e  p r e c i s i o n .  The 1 1 0 8  word i s  f l o a t i n g  
p o i n t  w i t h  n i n e  b i t s  f o r  exponent  and s i g n ,  and twenty-seven  b i t s  
f o r  t h e  f r a c t i o n .  T h i s  r e s u l t s  i n  e i g h t  dec ima l  d i g i t  a c c u r a c y .  

* A  s i x t e e n t h  b i t  i s  u s e d  f o r  p a r i t y .  
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Two d i s t i n c t  computa t iona l  problems e x i s t  w i t h i n  t h e  
c o n i c  s u b r o u t i n e s .  The f i r s t  problem i s  word l e n g t h .  F o r  
example,  c o n s i d e r  t h e  K e p l e r  s u b r o u t i n e  i t e r a t i o n  v a r i a b l e  X 
and t h e  r e s u l t i n g  K e p l e r  t ime s o l u t i o n  T 2 1 .  The o b j e c t  i s  t o  
i t e r a t e  on X u n t i l  a v a l u e  i s  found f o r  which t h e  r e s u l t i n g  
s o l u t i o n  T 2 1  i s  e q u a l  t o  ( o r  c l o s e  t o )  t h e  d e s i r e d  t r a n s f e r  
t i m e  TD. Fo r  some t e s t  c a s e s  ( p a r t i c u l a r l y  a h i g h  ene rgy  
h y p e r b o l i c  c o n i c )  a p r o g r e s s i o n  of  1 b i t  i n c r e m e n t s  i n  X p ro -  
duces  e r r a t i c  changes i n  T21. The e r r a t i c  r e s p o n s e  i s  due i n  
p a r t  t o  s u b t r a c t i n g  two l a r g e  numbers i n  t h e  computa t ion  o f  
T 2 1  f o r  a h y p e r b o l e .  The e f f e c t s  are two- fo ld .  F i r s t ,  a 
change o f  one d i g i t  i n  X sometimes p roduces  a more t h a n  one 
d i g i t  change i n  T 2 1 ,  which may make i t  i m p o s s i b l e  t o  a c h i e v e  
e x a c t  convergence  t o  TD. Second, t h e  d e r i v a t i v e  of T 2 1  w i t h  
r e s p e c t  t o  X ,  de t e rmined  by d i f f e r e n c i n g  t h e  i n p u t  and o u t p u t  
v a l u e s ,  behaves  b a d l y  f o r  s m a l l  i n c r e m e n t s ,  p r e v e n t i n g  r a p i d  
convergence .  I n d e e d ,  e x c e p t i o n a l  c a s e s  were obse rved  where 
t h e  a p p a r e n t  s l o p e  h a d  t h e  wrong s i g n ,  i n  v i o l a t i o n  of t h e  
known monotonic  f u n c t i o n .  The s o l u t i o n  t o  t h i s  problem i s  
t o  c a r r y  more s i g n i f i c a n t  d i g i t s  by means of double  p r e c i s i o n .  

The second computa t iona l  problem i s  t h a t  o f  c o r r e c t l y  
computing t h e  two t r a n s c e n d e n t a l  f u n c t i o n s  C Z T A  and SZTA. The 
A G C  r o u t i n e  u s e s  a n i n t h - d e g r e e  Chebyshev polynominal  approx ima t ion  
t o  t h e  i n f i n i t e  se r ies  form for t h o s e  f u n c t i o n s .  Even when t h e  
K e p l e r  s u b r o u t i n e  converges  e x a c t l y  t o  t h e  d e s i r e d  t r a n s f e r  time 
TD, t h e  computed f i n a l  s t a t e  RT2 and VT2 may be  i n c o r r e c t  because  
of  t h e  approx ima t ions  used  t o  compute C Z T A  and SZTA. T h i s  problem 
i s  n o t  a d i r e c t  consequence of word l e n g t h  b u t  r a t h e r  o f  t h e  
approx ima te  form u s e d .  

Four  methods were examined t o  d e t e r m i n e  t h e  b e s t  way 
of  h a n d l i n g  these problems t o  g a i n  n u m e r i c a l  a c c u r a c y :  

1. 

2 .  

3. 

4 .  

S i n g l e  p r e c i s i o n  computa t ion  u s i n g  t h e  D E L T I I  sub- 
r o u t i n e  shown i n  Appendix G .  

Number 1 w i t h  t h e  var iab les  C 1 ,  C2,  X ,  DELX, CClaEF 
( l - l O ) ,  S C m F  (1-101, T 2 1 ,  ZTA, ALP, CZTA and SZTA 
as d o u b l e - p r e c i s i o n  v a r i a b l e s .  T h i s  r e s u l t s  i n  
d o u b l e - p r e c i s i o n  computa t ions  w i t h i n  t h e  D E L T I I  sub- 
r o u t i n e .  

S i n g  l e - p r e  c i s  i on comput a t  i ons u s i n g  t h e  i n f i n i t e  
s e r i e s  summation t o  compute C Z T A  and SZTA. T h i s  
s u b r o u t i n e  i s  shown i n  Appendix Q .  

Number 3 w i t h  t h e  var iab les  C1, C 2 ,  X ,  DELX, ALP, 
ZTA, T 2 1 ,  C Z T A ,  SZTA, and a l l  v a r i a b l e s  of  D E L T I I  
s u b r o u t i n e  i n  double  p r e c i s i o n .  Thus t h e  DELTII  
s u b r o u t i n e  o f  Appendix Q a l s o  pe r fo rms  a l l  computa- 
t i o n s  i n  double  p r e c i s i o n .  
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T y p i c a l  K e p l e r  t e s t  c a s e s  i n v o l v i n g  d i f f e r e n t  t y p e s  
of  c o n i c s  f rom c i r c u l a r  t o  h igh  ene rgy  h y p e r b o l i c  were t e s t e d  
f o r  a l l  f o u r  methods.  Each t e s t  r e s u l t  was compared t o  b o t h  t h e  
c o r r e s p o n d i n g  AGC and t h e  MAC r e s u l t s .  
t h e  AGC and MAC r e s u l t s  a g r e e  t o  f i v e  or s i x  s i g n i f i c a n t  d i g i t s .  
The r e s u l t s  of  t h e  1 1 0 8  t e s t s  f o r  each  of  t h e  above t e s t s  can b e  
summarized as f o l l o w s .  

For most t e s t  c a s e s ,  

Method 1: The 1 1 0 8  s o l u t i o n s  f o r  c i r c u l a r  c o n i c s  
and l o w - e c c e n t r i c i t y  e l l i p t i c a l  o r b i t s  a g r e e d  w i t h  t h e  M A C  
r e s u l t s  t o  one or two more s i g n i f i c a n t  d i g i t s  t h a n  d i d  t h e  A G C .  
F o r  h i g h - e c c e n t r i c i t y  e l l i p t i c a l  c o n i c s  and h y p e r b o l i c  c o n i c s  t h e  
1 1 0 8  s o l u t i o n s  were a t  wors t  one s i g n i f i c a n t  d i g i t  l ess  a c c u r a t e  
when compared t o  t h e  MAC t han  t h e  A G C .  One e x c e p t i o n  was a 
h igh-energy  h y p e r b o l i c  c o n i c  t r a j e c t o r y  f o r  which t h e  1 1 0 8  r e s u l t s  
a g r e e d  w i t h  MAC t o  only  two s i g n i f i c a n t  d i g i t s ,  w h i l e  t h e  A G C  and 
MAC a g r e e d  to f i v e  s i g n i f i c a n t  d i g i t s .  

Method 2 :  Use of double  p r e c i s i o n  d i d  n o t  s i g n i f i c a n t l y  
change t h e  1 1 0 8  s o l u t i o n s  and r e s u l t e d  i n  no  improvement r e l a t i v e  
t o  t h e  MAC and A G C  r e s u l t s .  

Method 3: With one e x c e p t i o n  t h e s e  t e s t  r e s u l t s  were 
n o t  s i g n i f i c a n t l y  d i f f e r e n t  from t h o s e  o f  Method 1 and r e s u l t e d  i n  
no  improvement i n  r e l a t i v e  accu racy .  The e x c e p t i o n  was t h e  h igh-  
e n e r g y  h y p e r b o l i c  c o n i c .  Test  r e s u l t s  for t h i s  c o n i c  were as good 
as t h e  A G C  and f o r  some components of  p o s i t i o n  and v e l o c i t y  were 
one s i g n i f i c a n t  d i g i t  b e t t e r  compared w i t h  t h e  MAC.  

Method 4 :  Use of double  p r e c i s i o n  and i n f i n i t e  s e r i e s  
computa t ion  of C Z T A  and SZTA produced  no  s i g n i f i c a n t  changes i n  
t h e  r e s u l t s  of  Method 3, and no improvement i n  t h e  r e l a t i v e  a n s w e r s .  

a re  : 
The c o n c l u s i o n s  drawn w i t h  r e s p e c t  t o  n u m e r i c a l  a c c u r a c y  

1. The s i n g l e  p r e c i s i o n  1 1 0 8  c o n i c  s u b r o u t i n e s  p r o v i d e  
a c c u r a t e  r e s u l t s  i f  t h e  u s e r  e x p r e s s e s  RT1,  VT1  and PMU 
as s i n g l e - p r e c i s i o n  v a r i a b l e s .  

2 .  I t  would b e  b e t t e r  t o  compute C Z T A  and SZTA u s i n g  
t h e i r  i n f i n i t e  s e r i e s  form; however,  i n  t h e  m a j o r i t y  
of  t h e  c a s e s  t h e  Chebyshev po lynomia l s  a re  a d e q u a t e .  

The Lambert s u b r o u t i n e  was t e s t e d  w i t h  t h e  same t y p e  
of  t e s t  c a s e s  as used  f o r  t h e  K e p l e r  s u b r o u t i n e .  Only s i n g l e -  
p r e c i s i o n  v e r s i o n s  o f  t h e  Lamber t  s u b r o u t i n e  were t e s t e d ,  b u t  
s e p a r a t e  t e s t s  w i t h  b o t h  v e r s i o n s  of DELTII  were used .  The 
r e s u l t s  were as d e s c r i b e d  i n  Methods 1 and 3 above ,  and t h e  same 
c o n c l u s i o n s  w i t h  r e s p e c t  t o  numer i ca l  accu racy  a p p l y .  
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T e s t i n g  o f  t h e  o t h e r  c o n i c  s u b r o u t i n e s  r e s u l t e d  i n  
s o l u t i o n s  t h a t  are c o n s i s t e n t  w i t h  t h e  Kep le r  and L a m b e r t  t e s t s ,  
and t h e  same c o n c l u s i o n s  w i t h  r e s p e c t  t o  n u m e r i c a l  a c c u r a c y  
app ly  &&qL+. C.  0 .  Gu e e  

1 0 2 5 - J C G - d ~ ~  COG J .  C .  GuFhsich 

Attachments  
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DESCRIPTION OF VARIABLES USED I N  C O N I C  SUBROUTINES 

VECTORS 

Nomencla ture  
Bellcomm GS OP 

e E E C (  1-4) - 

RTT2P( 1-4) 

RTT2 ( 1 - 4 )  

R T 1 (  1 - 4 )  

RT2 ( 1 - 4 )  

TSKEP(1-4) 

IJE VE C ( 1- 4 ) 

U N ( 1 - 4 )  

U R T l ( 1 - 4 )  

URT2 ( 1 - 4 )  

U V T 1 (  1 - 4 )  

UVT2 ( 1 - 4 )  

VTT2P( 1-4) 

-T r ' ( t  2 ) 

( t  1 --T 2 

U -e 

% 

U -rl 

U -r2 

U -vl  

U -v2 

-T v ' ( t  2 1 

D e s c r i p t i o n  

v e c t o r  d i r e c t e d  t o w a r d s  a p o c e n t e r  o r  
p e r i c e n t e r  o f  o r b i t ,  d e f i n e d  by R T 1  and  
VT1 ,  w i t h  magni tude  e q u a l  t o  e c c e n t r i c i t y  
o f  c o n i c  d e f i n e d  by RT1,  VT1. The a n g l e  
f rom EVEC to R T 1  measured  i n  t h e  d i r e c t i o n  
o f  t r a v e l  ( a c c o r d i n g  t o  VT1) i s  be tween 
0 .  and 1 8 0 .  d e g r e e s .  EVEC i s  u s e d  b y  
Time-Radius s u b r o u t i n e ,  

p o s i t i o n  v e c t o r  r e s u l t i n g  from p r e -  
c i s i o n  i n t e g r a t i o n  o f  i n i t i a l  p o s i t i o n  
v e c t o r  RT1 and i n i t i a l  v e l o c i t y  v e c t o r  
VT1 i n  I n i t i a l  V e l o c i t y  s u b r o u t i n e .  

a v e c t o r  u sed  f o r  t empora ry  s t o r a p e  o f  
d e s i r e d  t a r g e t  p o s i t i o n  v e c t o r  i n  
I n i t i a l  V e l o c l t y  s u b r o u t i n e .  

i n i t i a l  p o s i t i o n  v e c t o r .  

t e r m i n a l  p o s i t i o n  v e c t o r .  

t empora ry  s t o r a g e  v e c t o r  u sed  i n  K e p l e r  
S u b r o u t i n e .  

u n i t  EVEC. 

u n i t  normal  v e c t o r  i n  t h e  d i r e c t i o n  o f  
t h e  a n g u l a r  momentum v e c t o r .  

u n i t  i n i t i a l  p o s i t i o n  v e c t o r .  

u n i t  t e r m i n a l  p o s i t i o n  v e c t o r .  

u n i t  i n i t i a l  v e l o c i t y  v e c t o r .  

u n i t  t e r m i n a l  v e l o c i t y  v e c t o r .  

v e l o c i t y  v e c t o r  a s s o c i a t e d  w i t h  
RTT2P.  
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Nomen c 1 a t  u r e  
Bellcomm GS OP 

V T 1 (  1 - 4 )  - v ( t , )  

VT2(1-4) 

GENERAL VARIABLES 

G V 1 (  1 - 4 )  
GV2 ( 1 - 4 )  

ISTATE -- 

TIME1 

TS 1 
TS2 
TS 3 
TS 4 

C O N I C  VARIABLES 

ALP 

ALPN 

CQrS F 

CDSF2 

C @TT 02  

CTHETA 

E C C  

a 

Des c r i p  t i on 

i n i t i a l  v e l o c i t y  v e c t o r .  

t e r m i n a l  v e l o c i t y  v e c t o r .  

v e c t o r s  u sed  i n  i n t e r m e d i a t e  c a l -  
c u l a t i o n s  as r e q u i r e d .  

an  i n d i c a t o r  c a r r i e d  i n t o  I n i t i a l  
V e l o c i t y  s u b r o u t i n e  for c a l l  t o  Encke 
i n t e g r a t i o n  package .  T h i s  i n d i c a t e s  
t o  t h e  i n t e g r a t i o n  package which 
g r a v i t y  model s h o u l d  b e  u s e d .  

a v a r i a b l e  c a r r i e d  i n t o  I n i t i a l  
V e l o c i t y  s u b r o u t i n e  for c a l l  t o  Encke 
i n t e g r a t i o n  package .  TIWE1 i s  t h e  
t i m e  s i n c e  z e r o  t i m e  and  i s  used  i n  
c o n j u n c t i o n  w i t h  computa t ions  r e q u i r i n p  
ephemer i s  d a t a  w i t h i n  t h e  i n t e g r a t i o n  
s u b r o u t i n e .  

v a r i a b l e s  used  i n  i n t e r m e d i a t e  c a l -  
c u l a t i o n s  for t empora ry  s t o r a g e .  

r e c i p r o c a l  o f  semi-major a x i s  
( n e g a t i v e  for h y p e r b o l a s ) .  

r a t i o  o f  magni tude  o f  i n i t i a l  p o s i -  
t i o n  v e c t o r  t o  semi-major  ax i s  
( n e g a t i v e  for h y p e r b o l a s ) .  

c o s i n e  o f  F .  

( c o s i n e  o f  F) **2. 

c o t a n g e n t  o f  THETA/2. 

c o s i n e  of THETA. 

e e c c e n t r i c i t y .  
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Nomencla ture  Des c r i p t i  on 
Bellcomm 

F 

GAM 

HA 

HP 

PN 

RA 

RP 

SINF 

SINGAM 

SQRPN 

STHETA 

THETA 

TP 

CONSTANTS 

CC@ZF(1-10) 

CQIEFGX ( 1-6 ) 

a n g l e  f rom a p o c e n t e r  or p e r i c e n t e r  t o  
RT2 measured  i n  d i r e c t i o n  o f  mot ion  s o  
t h a t  F i s  be tween 0 .  and 1 8 0 .  d e g r e e s .  

i n e r t i a l  f l i g h t  p a t h  a n g l e  measured 
f rom v e r t i c a l  ( 0  y < 180 d e g ) .  

a l t i t u d e  a t  a p o c e n t e r .  

- 

a l t i t u d e  a t  p e r i c e n t e r .  

r a t i o  o f  s e m i - l a t u s  r e c t u m  t o  magn i tude  
o f  i n i t i a l  p o s i t i o n  v e c t o r .  

r a d i u s  o f  a p o c e n t e r .  

r a d i u s  of  p e r i c e n t e r .  

s i n e  o f  F .  

s i n e  o f  GAM.  

s q u a r e  r o o t  of  PN. 

s i n e  o f  THETA. 

t r u e  anomaly d i f f e r e n c e  be tween RTI  
and  RT2. 

p e r i o d  o f  c o n i c  as d e f i n e d  b y  R T 1  
and  VT1. 

c o n t a i n s  t h e  Chebyshev c o e f f i c i e n t s  
f o r  t h e  9th d e g r e e  p o l y n o m i a l  
a p p r o x i m a t i o n  t o  t h e  C - t r a n s c e n d e n t a l  
f u n c t i o n ' s  i n f i n i t e  s e r i e s  s o l u t i o n .  

c o n t a i n s  t h e  Chebyshev c o e f f i c i e n t s  
f o r  t h e  6 t h  d e g r e e  po lynomia l  
a p p r o x i m a t i o n  t o  t h e  i n f i n i t e  s e r i e s ,  
f o r  e v a l u a t i n g  t h e  v a l u e  o f  XN i n  t h e  
U n i v e r s a l  V a r i a b l e  s u b r o u t i n e .  
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Nomencla ture  
GSOP - Bellcomm 

CIZlTMN -- 

CIZlTMX -- 

IMQIGQJ 

n l T m  7 
I V I I  L h E P  

MITLAM 

PMU 

RB 

RMAX 

S G  

S R R  

SQHPMU 

PC 

b r 

r~~~ 

G S 

- 4 -  

D e s c r i p t i o n  

v a l u e  o f  c o t a n g e n t  o f  1 deg 4 7 . 5  min.  
Used i n  Lamber t  s u b r o u t i n e  t o  l i m i t  
t h e  i n i t i a l  g u e s s  as t o  t h e  v a l u e  o f  
CgTMIN. 

v a l u e  of c o t a n g e n t  178 deg 7 2 . 5  min. 
Used i n  Lambert  s u b r o u t i n e  t o  l i m i t  
t h e  i n i t i a l  g u e s s  as t o  t h e  v a l u e  o f  
CQlTMAX . 
=1, Moon i s  a t t r a c t i n g  body,  
= 0 ,  E a r t h  i s  a t t r a c t i n g  body. 

maximum number of i t e r a t i o n s  a l l o w e d  
i n  K e p l e r  s u b r o u t i n e .  

maximum number of i t e r a t i o n s  a l lowed  
i n  Lamber t  s u b r o u t i n e .  

p r o d u c t  of  u n i v e r s a l  g r a v i t a t i o n a l  
c o n s t a n t  and mass o f  t h e  p r imary  
a t t r a c t i n g  body. 

r a d i u s  of  a t t r a c t i n g  body. 

t h e  r a d i u s  of a p o c e n t e r  i s  n o t  d e f i n e d  
f o r  p a r a b o l a  or h y p e r b o l a  s o  i t  i s  s e t  
t o  RMAX i n  Aps ides  s u b r o u t i n e .  

c o n t a i n s  t h e  Chebyshev c o e f f i c i e n t s  
for t h e  9 t h  d e g r e e  po lynomia l  
a p p r o x i m a t i o n  t o  t h e  S - t r a n s c e n d e n t a l  
f u n c t i o n ' s  i n f i n i t e  s e r i e s  s o l u t i o n .  

a v a l u e  of e i t h e r  +l. or -1. a c c o r d i n c  
t o  w h e t h e r  t h e  t r u e  anomaly d i f f e r e n c e  
between RT1  i s  r e s p e c t i v e l y  l e s s  t h a n  
or g r e a t e r  t h a n  180  d e g r e e s .  

a v a l u e  o f  e i t h e r  +l .  or -1. accordiny;r 
t o  whe the r  t h e  d e s i r e d  r a d i a l  v e l o c i t y  
a t  RT2 i s  r e s D e c t i v e l v  p l u s  or minus 
i n  Time-Radius s u b r o u t i n e .  

s q u a r e  r o o t  o f  PMU. 
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Nomenclature  
Bellcomm GSOP 

XMAXQI X~~~~ 

FLAGS 

I F 1  

I F2 

I F 3  

IF4  

IF5 

IF6 

IF7 

I F 8  

I F 9  

f l  

f2 

3 f 

f 4  

f 5  

f6 

f 7  

f 9  

- 5 -  

Des c r i p  t i on 

a b s o l u t e  u p p e r  bound on K e p l e r  
i t e r a t i o n  v a r i a b l e  X s e t  a c c o r d i n g  t o  
t h e  a t t r a c t i n g  body.  

a s w i t c h  s e t  t o  0 or 1 a c c o r d i n g  to 
whether  a g u e s s  o f  c o t  y i s  a v a i l a b l e  
or n o t  (=O, g u e s s  i s  a v a i l a b l e ) .  

a s w i t c h  s e t  t o  0 or 1 a c c o r d i n g  t o  
w h e t h e r  Lambert  s h o u l d  d e t e r m i n e  

from r(t,) and r ( t , )  o r  u i s  an 
i n p u t .  

L 4 3J - 

a t a g  s e t  t o  0 or 1 a c c o r d i n g  t o  whe the r  
t h e  i t e r a t o r  s h o u l d  use  t h e  "Repula  
F a l s i "  or b i a s  method. 

a f l a g  s e t  t o  0 or 1 a c c o r d i n g  to 
whethe r  t h e  i t e r a t o r  i s  t o  a c t  as a 
f i r s t  o r d e r  of  a second  o r d e r  i t e r a t o r .  

a f l a g  s e t  t o  0 or 1 a c c o r d i n r  to 
w h e t h e r  a f e a s i b l e  s o l u t i o n  e x i s t s  
or n o t .  

a s w i t c h  s e t  t o  0 or 1 a c c o r d i n g  t o  
w h e t h e r  or n o t  t h e  new s t a t e  v e c t o r  
i s  t o  b e  an a d d i t i o n a l  o u t p u t  r e q u i r e -  
ment o f  t h e  T i m e - T h e t a  or Time-Radius 
p rob lems .  

a f l a g  s e t  t o  1 i f  t h e  i n p u t s  r e q u i r e  
t h a t  t h e  c o n i c  t r a j e c t o r y  must c l o s e  
t h r o u g h  i n f i n i t y .  

a f l a g  s e t  t o  1 i f  t h e  Time-Fadius 
problem was s o l v e d  for p e r i c e n t e r  or 
a p o c e n t e r  i n s t e a d  o f  r ( t , ) .  

L 

a f l a g  s e t  t o  1 i f  t h e  i n p u t  t o  t!ie 
Time-Radius s u b r o u t i n e  p roduces  an  e 
l e s s  t h a n  2 -18 . 
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Nomencla ture  
Bellcomm GSOP 

IFC(2IGA 

IFNl  

I FW 

IPKEP 

IPLAM 

IPTKEP 

IPTLAM 

ITERATION VARIABLES 

A 

CK 

f 
Y 

1 n 

w 
f 

-- 

- 6 -  

D e s c r i p t i o n  

=1, CgTGAP? n o t  i n  r a n g e  (1" 4 7 . 5 ' ,  
175" 1 2 . 5 ' )  
= O ,  CgTGAM i s  w i t h i n  r a n g e  

=1, Lambert  r e t u r n s  VT1 and CPlTGAW 
= 0 ,  Lambert  r e t u r n s  VT1,  VT2 and CgTGAM 

a f l a g  s e t  t o  1 i n  t h e  U n i v e r s a l  
Var iab le  s u b r o u t i n e  i f  0 i s  n e a r l y  
l ess  t h a n  3 6 0 ° ,  i n  which c a s e  t h e  xN 
c o r r e s p o n d i n g  to 360"-e i s  c a l c u l a t e d  
and s u b t r a c t e d  from t h e  xN c o r r e s p o n d i n g  
t o  360" e x a c t l y .  

f l a g  u s e d  to t e s t  f o r  r e a u i r e d  p r i n t i n g  
o f  an i t e r a t i o n  s t e p  i n  Kep le r  sub-  
r o u t i n e .  

f l a g  used  t o  t e s t  f o r  r e q u i r e d  p r i n t i n g  
o f  a n  i t e r a t i o n  s t e p  i n  Lambert sub-  
r o u t i n e .  

f l a g  s e t  t o  1 i f  Kep le r  s u b r o u t i n e  d o e s  
n o t  converge  w i t h i n  maximum number o f  
i t e r a t i o n s .  The  s u b r o u t i n e  t h e n  
r e i n i t i a l i z e s  i t s e l f  and p r i n t s  t h e  
i t e r a t i o n s  as t h e y  a re  pe r fo rmed .  

f l a g  s e t  t o  1 i f  L a m b e r t  s u b r o u t i n e  does  
n o t  converge  w i t h i n  maximum number o f  
i t e r a t i o n s .  The  s u b r o u t i n e  t h e n  
r e i n i t i a l i z e s  i t s e l f  and p r i n t s  t h e  
i t e r a t i o n s  as t h e y  a r e  pe r fo rmed .  

t empora ry  i t e r a t i o n  v a r i a b l e  used  i n  
U n i v e r s a l  Var iab le  s u b r o u t i n e .  

a f r a c t i o n  o f  t h e  f u l l  v a l u e  o f  the 
f u l l  r a n g e  o f  t h e  i n d e p e n d e n t  v a r i a b l e  
which d e t e r m i n e s  t h e  i n c r e m e n t  of  t h e  
i n d e p e n d e n t  v a r i a b l e  on t h e  f i r s t  pass 
t h r o u g h  t h e  i t e r a t o r  i n  L a m b e r t  sub-  
r o u t i n e .  
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Nomenclature  
Bellcomm GSOP 

CDSGAM cosy 

Nomenclature  
Bellcomm GSOP 

CDSGAM cosy 

CPlTGAM c o t  y 

CDTMAX 

CQITMIN 

cotYmax 

CZ TA C ( C >  

C1 

c2 

c3 

DCEfTG 

DE LX 

EPSK 
EPSL 

1 C 

c 2  

c 3  

A c o t v  

A X  

E t  

D e s c r i p t i o n  

c o s i n e  o f  GAM.  

c o n t a n g e n t  of GAD/[ - t h i s  i s  t h e  i t e r a -  
t i o n  v a r i a b l e  i n  t h e  L a m b e r t  s u b r o u t i n e .  

u p p e r  l i m i t  f o r  t h e  v a l u e  o f  CPlTGAM 
d u r i n g  i t e r a t i o n s  i n  Lamber t  s u b r o u t i n e .  

l ower  l i m i t  f o r  t h e  v a l u e  o f  CDTGAM 
d u r i n g  i t e r a t i o n s  i n  L a m b e r t  s u b r o t i n e .  

v a l u e  o f  t h e  C - t r a n s c e n d e n t a l  f u n c t i o n  
( w i t h  argument  ZTA) as used  i n  t h e  
u n i v e r s a l  form o f  K e p l e r ' s  e q u a t i o n .  

a c o n s t a n t  u sed  i n  comnutinq T 2 1  i n  
t h e  u n i v e r s a l  form o f  K e p l e r ' s  e q u a t i o n .  
C 1  i s  computed as e i t h e r  ( R T 1  ( d o t )  
UTl/SQRPMU) i n  K e p l e r  s u b r o u t i n e  or as 
SQRT(PN*RT1(4))*CPlTGAM i n  U n i v e r s a l  
v a r i a b l e  s u b r o u t i n e .  These a re  
e q u i v a l e n t  computa t ions .  

a c o n s t a n t  used  i n  computing T 2 1  i n  
t h e  u n i v e r s a l  form of  K e p l e r ' s  e q u a t i o n .  
C 2  i s  computed as R T 1 ( 4 ) * V T 1 ( 4 ) * * 2 /  
SQi7PMU -1. i n  K e p l e r ' s  s u b r o u t i n e  or 
as 1.-ALPN i n  U n i v e r s a l  Var iab le  sub-  
r o u t i n e .  T h e s e  a r e  e q u i v a l e n t  
c o m p u t a t i o n s .  

a c o n s t a n t  computed as  RTL( 4 )  *VT1( 4 )  **2 /  
PMU. 

i n c r e m e n t  i n  X which w i l l  p roduce  a 
sma l l e r  v a l u e  i n  TERR. DELX i s  u s e d  
t o  change t h e  i t e r a t i o n  v a r i a b l e  
COTGAW i n  L a m b e r t  s u b r o u t i n e .  

i n c r e m e n t  i n  X which w i l l  p roduce  a 
s m a l l e r  v a l u e  i n  TERR.  DELX i s  u s e d  
t o  change t h e  i t e r a t i o n  v a r i a b l e  X 
i n  K e n l e r ' s  s u b r o u t i n e .  

f r a c t i o n  which when m u l t i p l i e d  b y  t h e  
d e s i r e d  t r a n s f e r  t ime w i l l  y i e l d  t h e  
e r r o r  a l l o w e d  i n  t h e  s o l u t i o n s  w i t h i n  
K e p l e r  and Lambert  s u b r o u t i n e s .  EPSK 
i s  u s e d  i n  K e p l e r  s u b r o u t i n e  and EPSL 
i s  used  i n  L a m b e r t  s u b r o u t i n e .  
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Nomenclature  
Be  llcomm GS OP 

EPSINV E 

D e s c r i p t i o n  

cone angle  o f  a cone whose v e r t e x  
i s  t h e  c o o r d i n a t e  o r i g i n  and whose a x i s  
i s  t h e  1 8 0  d e g r e e  t r a n s f e r  d i r e c t i o n  
( i . e . ,  t h e  n e g a t i v e  i n i t i a l  p o s i t i o n  
v e c t o r ) .  T h i s  i s  used  i n  I n i t i a l  
V e l o c i t y  s u b r o u t i n e  t o  d e t e r m i n e  i f  
t r a n s f e r  i s  t o o  c l o s e  t o  180 d e g r e e s  
and hence  t h e  t a r q e t  v e c t o r  must b e  
r o t a t e d  i n t o  t h e  o r b i t a l  p l a n e .  

EPSKEP a b s o l u t e  v a l u e  p r o d u c t  o f  EPSK and TD 
computed once i n  K e p l e r  s u b r o u t i n e  t o  
u s e  i n  t e s t  f o r  conve rgence .  

EPSLAY a b s o l u t e  v a l u e  p roduce  of EPSL and TD21 
computed once i n  Lamber t  s u b r o u t i n e  t o  
u s e  i n  t e s t  f o r  conve rgence .  

IDELT i t e r a t i o n  c o u n t e r  i n  K e p l e r  E q u a t i o n  
s u b r o u t i n e .  

ITGETX i t e r a t i o n  c o u n t e r  i n  U n i v e r s a l  Var i ab le  
s u b r o u t i n e .  

ITKEP 

ITLAM 

Nl 

i 

i 

n 1 

i t e r a t i o n  c o u n t e r  i n  K e p l e r  s u b r o u t i n e .  

i t e r a t i o n  c o u n t e r  i n  Lambert  s u b r o u t i n e .  

number of i t e r a t i o n s  t o  b e  u s e d  i n  
c a l c u l a t i o n  t h e  o f f s e t  t a r g e t  v e c t o r  
i n  I n i t i a l  V e l o c i t y  s u b r o u t i n e .  

N 2  i t e r a t i o n  c o u n t e r  i n  I J n i v e r s a l  Var i ab le  
s u b r o u t i n e .  n 2  

c o s i n e  o f  EPSINV. w 

P1 P 1  c o n s t a n t  u sed  w i t h i n  Lamber t  s u b r o u t i n e  
computed one t i m e  on ly  as CTHETA-ZLAM. 

P2 c o n s t a n t  u sed  w i t h i n  Lambert s u b r o u t i n e  
computed one  t i m e  o n l y  as CTHETA-ZLAM. p2 

SZTA v a l u e  of  t h e  S - t r a n s c e n d e n t a l  f u n c t i o n  
( w i t h  argument  ZTA) as  used  i n  t h e  
u n i v e r s a l  form o f  Kenler ' s  e q u a t i o n .  
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N omen c l a t  u r e  
Bellcomm GS OP 

TD 

TD21 

TE RR 

TR 

T2 1 

T2 1P  

w1 

w2 

w3 

x 

X I N I T  

XMAX 

t D 2 1  

t~~~ 

t R  

t 2 1  

1 W 

2 W 

w3 

X 

INIT X 

MAX X 

- 9 -  

D e s c r i p t i o n  

d e s i r e d  t r a n s f e r  t i m e  t h r o u g h  which 
t h e  c o n i c  uDdate o f  t h e  s t a t e  v e c t o r  
i s  t o  b e  made ( u s e d  i n  c a l l  t o  
K e p l e r  s u b r o u t i n e ) .  

d e s i r e d  t r a n s f e r  t i m e  t o  t r a v e r s e  
f rom RT1 t o  RT2 ( u s e d  i n  c a l l  t o  
L a m b e r t  s u b r o u t i n e ) .  

e r r o r  between d e s i r e d  t r a n s f e r  t i m e  
( e i t h e r  TD o r  TD21) and s o l . u t i o n  
g i v e n  b y  Kep le r ' s  e q u a t i o n  ( T 2 1 )  for 
c u r r e n t  v a l u e  o f  i t e r a t i o n  v a r i a b l e .  

i n t e g r a l  p e r i o d s  s u b t r a c t e d  from TD 
t o  p roduce  a TD l e s s  t h a n  TP  i n  Kepler ' s  
s u b r o u t i n e .  

t r a n s f e r  t ime as g i v e n  b y  s o l u t i o n  t o  
u n i v e r s a l  form o f  K e p l e r ' s  e a u a t i o n .  

t r a n s f e r  t i m e  c o r r e s p o n d i n g  t o  t h e  
p r e v i o u s  s o l u t i o n  t o  Kepler ' s  e a u a t i o n  
a s s o c i a t e d  w i t h  i t e r a t i o n  v a r i a b l e  
v a l u e  XP.  

t empora ry  i t e r a t i o n  v a r i a b l e  u s e d  
i n  U n i v e r s a l  v a r i a b l e  s u b r o u t i n e .  

t empora ry  i t e r a t i o n  v a r i a b l e  u s e d  
i n  U n i v e r s a l  v a r i a b l e  s u b r o u t i n e .  

t empora ry  i t e r a t i o n  v a r i a b l e  u s e d  
i n  U n i v e r s a l  v a r i a b l e  s u b r o u t i n e .  

a u n i v e r s a l  c o n i c  parameter e q u a l  t o  
t h e  r a t i o  o f  e c c e n t r i c  anomaly d i f f e r e n c e  
t o  SQRT(ALP) f o r  an  e l l i p s e  or t h e  r a t i o  
o f  t h e  h y p e r b o l i c  a n a l o g u e  o f  e c c e n t r i c  
anomaly t o  SQRT(-ALP) for a h y p e r b o l a .  

i n i t i a l  g u e s s  f o r  v a l u e  o f  X for c a l l  
t o  K e p l e r  s u b r o u t i n e .  

u p p e r  l i m i t  f o r  v a l u e  o f  X tlurinp: 
i t e r a t i o n s  i n  Kep le r  s u b r o u t i n e .  .4 
new g u e s s  f o r  X i s  n o t  a l l o w e d  t o  
exceed  M A X .  
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Nomenclature  
Bellcomm GSOP 

M I N  X M I N  X 

XN 

XP 

X R  

x2  

X 2 C Z T A  

x 3  

Z LAM 

Z T A  

XN 

X '  

X R  

x 

5 

Des c r  i p  t i  on 

lower  l i m i t  f o r  v a l u e  of  X d u r i n g  
i t e r a t i o n s  i n  Kep le r  s u b r o u t i n e .  A 
new g u e s s  for X i s  n o t  a l l o w e d  t o  be 
lower  t h a n  X M I N .  

r a t i o  o f  X t o  magni tude o f  i n i t i a l  
p o s i t i o n  v e c t o r  ( R T l ( 4 ) ) .  

v a l u e  of  X u sed  for p r e v i o u s  K e p l e r ' s  
e q u a t i o n  s o l u t i o n  ( s e e  T P )  . 
v a l u e  of  X a s s o c i a t e d  w i t h  T R .  

x**2 

X 2 * C Z T A  

X""3  

r a t i o  of  magni tude o f  i n i t i a l  
p o s i t i o n  v e c t o r  t o  f i n a l  p o s i t i o n  
v e c t o r  ( R T 1 ( 4 ) / R T 2 ( 4 ) ) .  

argument  o f  t r a n s c e n d e n t a l  f u n c t i o n  
i n  t h e  u n i v e r s a l  form o f  K e p l e r ' s  
e q u a t i o n .  
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COMMON BLOCKS FOR C O N I C  SUBROUTINES 

R M A X  P 

IMC)O?J P 

T9 t 
X M I N ,  
TP P 

EPSKFP P 

I P T K F P ,  

ZLAV , 
P2 , 
IF3, 
IPLAu, 

I F R ,  
SINF, 
I F 6 ,  
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l:rSPr\!T* F C 0 3 v  
C 

C FC)R SPECIFYIPJG ;.TI:JTING WITHIN THE SURROUTIVFS. 
C JPKFP ZhlpPHIYT E V t H Y  r\l-TH ITERATION I N  SU9QOUTINE KEP'MITTp 
r 1- = f l p C O  :JOT P G I h T  ITERATIONS I W  KEPMIT. SEE *JPTK,p*. 
C JPTKEP =OIPHI:JT STARTING VALUES AND SOLUTIOPI I r i  SURROIJTTEIE 

C A 1  L0kiAt)~F Id'JWER OF ITERATIOFIS. = N P R I N T  EVEQY PI-TI4 
r: ITEHATIOhl I N  KEPMIT I F  SU13RO\lTItJF DOES NOT COWVTQGF TO 

r + T H I S  C O M W N  BLOCK CONTAINS SPECIAL Pt?IbiT It~!:)ICATORS AS 7FQijIRE9 

r: KEPb?IT IF YJcROUTINE DOES NOT CONVERGE W I T H I N  M ~ X I N I I I ~  

C AN ANSUJER 
C JPLAY (SIFSILA,; TO JPKEP EXCEPT FOR SUBROUTINE L A M M I T )  
C JPTLAM ( S I M I L A I ~  TO JPTKEP EXCEPT FOR SUBROUTINE L A W I T )  
C 

c 
c 
qSPNT* FCOPy 
r: 

Fr!n 

C OMMOY/C SPNT / 
JPKEi), JPTKEPt JPLAY 

c 

c 
FrJn 

JPTLAhrp 
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FORTRAN NAYES FOR THE C O N I C  SIJBROIJTINES 

Conic 
Sub r o u t i n e  

K e p l e r  

Lambert 

Time-Radius 

Time-Theta 

Apsides 

Conic P a r a m e t e r  

Un i ve r s a 1 Var i ab l e  

K e p l e r  E q u a t i o n  

S t a t e  V e c t o r  

I n i t i a l  V e l o c i t y  

P e r i cent e I-- Ap o c e n t  e Y 

C a l l i n g  Name f o r  
Data v i a  

Common Block 

KEPMII 

L A M M I I  

T R A D I  

TTHETI 

A P S I D I  

PARAMI 

GETXI 

D E L T I I  

NEWSTI 

I N I T V I  

P E R A P I  

C a l l i n g  Name f o r  
- Data v i a  Cal l  L i s t  

KEPMIT 

L A W I T  

TRAD 

TTHETA 

-- 

I N I T V  

PERAPPl 



C 
C 
C 

C 
C 
C 
C 
C 
c 
C 
C 
c 
C 

i; 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
c 
c 
C 
C 
C 
C 
C 
C 
c 
C 
C 
C 
C 
C 

L 

A P P E N D I X  D 

S U B R O U T I N E  M I T C O N  - THE B U F F E R  S U B R O U T I N E  

C **** E N l t t Y  POINT T O  I N I T I A L I Z E  C O r l I C  QOlJTIt lL.  MUST RE CALLE3 ONCE 
C REFORE U'JlI\lb A f U Y  O F  THF C O N I C  ROlJTIIdE5 AND THERE AFTER THE ENTHt 
C I ' O I f q T  MUST bE CALLED ONLY I F  THE CENTRAL BODY CHANGES 
C 
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c 
C 

C 
1 d 1 

C 
1 E12 

C 

C 

C 

1 I I  0 

C 

C 

C 



I -  

C 

51 

5 1.1 

c 
C 
C 

1 
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C 
CALL K E P M I I  

C 

2 

C 

C 
c **** 
C 

C 

3 
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I C 
C 

I h 

2 1  

C 
c + * *  
C 

C 

4 

c 

C 

o u 3  
C 
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7 

C 
C A L L  I N l T V I  

C 

9 
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S UB RO UT I NE MI TPNT 

C 
C 

SlJUt~OIJTIrJE MITPNT 
SUBhOUTlNE TO PRINT COMMDN d L O C K  For\ Y I T  CONIC SIIRROUTINFS 

INCLUDE c3CONIC 
INCLUDE OCON 
GAM=O 
F=O 
THETA=Om 
I F ~ ~ B ~ , ~ C O S F ~ . G T ~ O ~ ~ O R ~ A ~ ~ ~ S I N F ~ ~ G T o O o ~ ~  

0 = A  T A N2 ( S I NF t C OSF 1 * R Tf3D 

G A M = P , T A N ~  (SI ‘IICAMt COSf^-AM) * R T o @  

TtiETAZA TAPJ2STHETA t CTHETA 1 *f?TOD 

I F ( A R S ( C O S G A ~ ) o G T m ~ o o O R . ~ ~ S ( S I ~ ~ ~ A M ) m ~ T . O m )  
0 

I F ( ~ ~ S ( C T H E T A ) m G T o ~ o o O R ~ ~ ~ S ( S T ~ ~ F T A ) . G T . ~ o )  
0 

NAMtL IST /NMlTSR/A t  ALP I ALPNt 
0 Clt C2 t C 3 t  CK t 

COEFGXt COSF t C O W 2  t COSGAM v 
COTGAMt COIMINt COTMNt COTMAX t 
COTMXt C O T T 0 2 t  CTHETA t CZTAt 
D C O T G t  DELXt ccc t 
EPSINVt  EPSK t FPSKEP, EPSL t 
EPSLAMt EVEC t Ft HA? 
tiPt GAM, G V l t  G V 2  t 
I D E L T t  I F C O G A  P I F 1  t IF2 t  
I F 3 t  I F 4 t  IFSt I F 6 t  
I F 7 t  I F 8 t  TF9t I F N l  t 
IFWt I MOON t TPKfP t  IPLAMt  
I P T K E P t  IPTLAMt T T K t Y  t I T L A M t  
XSTATE, M I  TKEP t ‘4 I TLAM I N 1  t 
N 2 t  OMEGA I Q l t  P2 t 
PMUt PN t ? A t  RBt 
R M A X t  UP? Q T 1  t RT2t 
RTTLPt k T T 2 t  5G t 5 I N F t  
SINGAM, SQHPMU t C,GIRPF\! t STHETA t 
SZTAt  1 2 1  t T21Pt  TD t 
T D 2 1 t  TERH t THETA t TIME1 t 
TPt TR t TS1 t TS2 t 
T S 3 t  TS4t TSKEP, IJEVEC t 
UNt  U R T l  t ! JRT2 t lJVT1 t 
UVTZt VT1 t UT2 t VTT2P t 
W 1 t  ‘H2t ti3 t x t  
X I N I T ,  X M A X t  X M A X O t  Y Y I b !  t 
XNt XP t YR t x 2 t  

0 x3t  X2CZTAt 7LAMt I T A  
WHITE(6 tNMITSR)  
RE T c1 t? FJ 
END 



C 
C c * * *  APSIDES 
C INPUT 
C OUTPUT 
C 

APPENDIX F 

SUB ROUTINE APSI D I  

SUUHOlJTIP!E A P S I D I  

SUB&Ot.IT I NE ( APSI DE 1 
RT1,VTlvPMU 
RP v f<A t ECC 

INCLUDE QCONIC 
C 
C 

CALL PAHAMI Q CONIC PAPAYlETER SURROIJTIVE 
T N I = ~ . - A L P N * P N  
ccc=o 0 

I F ( ~ W ~ * G T . O O ) E C C = S Q H T ( T W ~ )  
R P = ~ N * R T 1 ( 4 ) / ( l o + E C C )  
RA=2.*RT1(4)/ALPN-RP 

C t?A IS N t G  FGR HYPEYUOLIC T H A J E C T W Y  OR LARGE FOR HIGHLY 
C E L L I P T I C ,  PARABOLIC OR SLIGHTLY CiYPERB~LIC  T99JFCTOPY SFT HA=I+F A X  

C 

C 

IF ( f c A  ,LT 0 OR, RA oCT*  H"AX 1 R A Z R b ' A X  

HETbRN 

END 
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SUB ROUTINE D E L T I I  
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SUBROUTINE GETXI 

c **** 
C 
C 
C 

C 

C 

362 
C 

C 
3 n o  

370 

C 
304 C O N 1  IrJUii 0 NOW EVALclATt XN 

IF(&.LT.O.)GO TO 361 9 CLOSURE THRU I N F I N I T Y  REWUIREL 

XN=O. 
DO 3 7 1  I T G E T X = 6 , 1 , - 1  
XN= (XN+COEFGX ( I T G E T X )  *TS1 

T S ~ = A L P N * A * A  

371 C O N T I N U E  
XN=XN+l .  
X N = 1 6 .  *A*XN 
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C 

72 
C 

IF(IFd*rO*OIGO TO 372 3 = l t T M F - T A  PJEAR 360 OEG 
IF(ALPN.LT.O)GO TO 361 J CLOSURE: THRlJ I N F I r J I T Y  QECU 
XN=TWCPI/SQRT (ALPFII-XN I7SIJBTRACT XN F R O V  360 nr GREES 
CONTIhUE 

ZTA= Xb‘ * *  2 * ALPN 
X=XrU*SQdT ( H T I  (4) 1 
x2=x*x  
C 1 = 5 Q R T  (F’N*RT1(10 I *COTGA* l  
C2=1 .-ALPFJ 
1F710 

C 

C 
C CLOSURE THRU I N F I N I T Y  REQD - PJO SOLUTIOP! E X I S T S  
C 

RETURt.J 

301 C O N I  I’JUE 
IF7rl 
RETuPri 

END 
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SUB ROUTINE I N 1  TVI 

SUUhOlIT I NE I r J  1 TV I 
C INPUT R T l t V T l t R T T ( 2 )  t T D t r J l t E P S t I F 1 t G C O T G r P M U  
C OUTPUT R T l t V T T l , R T 2 t V T T 2 , R T T 2 P , C ? T G A ~ l t X F 2  

INCLUDE QCONIC 
INCLUDE QSPNT 

OMEbA=COS(EPSINV) 
N2=-1 
z=o 
DO 1 K=1t3 
URTk ( K  1 =RT2 ( K  1 /f;T2 (4) 
U R T l ( K ) = W T l ( K ) / R T 1 ( 4 )  
Z=ZtUeTl ( K )  * I JRT2(K)  
U N ( l ) = V C H O S U ( U R T l t V T l )  
I F 2 = 0  

C 

5uO 
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SUBROUTINE KEPMII 

SUBHOUTINE K E P M I I  
C **** KEPLER WBROUTNE (KEPMIT)  
C 
C 
C 

C 
C 

300 
C 
C 

C 

2lJ0 

2 

C 

INPUT R T ~ , V T ~ , T D ~ X I N I T P X P ~ T ~ ~ P  
OUTPUT HT2,VT2,T21rX 

INCLUDE OCONIC 
INCLUDE QCON 
INCLUDE GSFJNT 

I F  X I N I T  IS NON ZERO THEN DO NOT RESET XP AND T21P. 
OTHERlrrISE ZtFiO THESE QUANTITIES 

IF (ABS(X IN IT ) .GT .O)GO TO 300 
XP=o 
T 2 1 ~ = 0  
CONTINUt 

SAVL INPUT vA,? IARLES WHICH ARE CLiAYGED DURING THE ITFRATTON LOOP 
T S K t P ( l ) = X I i J I T  
T S K t P ( 2 ) = X P  
T S K t P ( 3 ) = T 2 1 P  
T S K t P ( 4 ) = T d  
IPTKEP=O D =OtDO NOT PRINT E A C I i  ITERATION 
IPK tP=JPKEP 

PHIlvT dUT CULL L I S T  IF JPKEP IS GREATER THAN 0 
IF(JPYEPoEQ.@)GO T O  2 0 1  
k R I T E ( 6 ~ 2 0 0 )  
FORivIAT( ' * * * * KLPMIT I S  CALLED V I T H  THE FOLLPWING ' 

1 
C 

IF(rD,LT,O,)GO T O  101 2 YES * NEGATIVE TRANSFER T I M E  
TP=xMAX/(ALP*SQRPMU) '2 TP - ORBITAL PER100 

C 



C 
C 

l d 3  

C 
l d 2  

1 i I  1 

a 

C 
C 
C 
105 
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I F ( 1 P a L T a O a ) G O  TO 102 
I F  P O S I T I V E  TnAIqSFEH TIME AND P O S I T I V E  W R I T A L  PERIOP DcnOCE Ti) 
U N T I L  OaLTaTDeLTaTP 

IF (TD,LTaTP)GO TO 102  n7 FORCE naLEaTD.LTaTP 
TDZTG-TP 
XH=XR+XMAX 
TH=TR+TP 
GO TO 1 3 3  

SET INDICAToRS FOR I T E R A T O R  SUBkXJTXPJEa C l t C 2  AND ALP A?F 
COhbTANT w I  I Y I N  THE LOOP 

STAHT OF I T ~ R A T I O N  LOOP 

CONTINUE 
x 2 = x * x  
ZTA=ALP*X2 

C 
CALL D E L T I I  Gl RATTIN'S TQAPlSCENnEYTAL FUNCTIO?C; 

C 
TERH=TD-T21 
I F ( A R S ( T E R R ) o L E a E P S K F P ) G O  TO 106 QHA5 CONVERGED 

C 
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C 
1 1 6  

117 

115 
C 

C 
C 

C 

112 

C 

C 
C 

120  

I S  PRINTING OF ITERATION FEQUIRE?? 
IF(IPTKEP.E~.O.AND.JPKEP.EQ.O)GO TO 115 

PRINTING IS REQUIRED CHECK IF NORMAL PRINTING 
IF(IPTKEP.EQ*O)GO TO 116 

IF(IPKEP.LT.JfTKEP)GO TO 1 1 5  
TROUBLE PRIluTING 

IPKf_P=O 
WHITE(6eNLK.3) 
GO 10 115 

NORMAL PRINTING 

IPKkP=O 
WHI 1 E ( h r l ~ L K 5  1 
CON1 INUL 

COFuTINUk IT~RATIoNS AS HEQIJIRED 
I P K t P = I P K E P + l  

CONTINUE I F  U X I ? . W M  NlJML?EP OF 
1 T E h ~ T h b i S  ),AS ;dOT H E E N  E X C E E D E D  

IF(IPYEP.LT.JPKEP)GO TO 117 

I F  ( ~ T K E P  .LE . FiITKEP 1 GO TO 120 
KEPLER HAS [JOT CONVERGED WITHIN 4LLOWACjLE N!JMBEF O F  ITC”ATIONS 

IF(lPTKLP.EW.1)GO TO 1 0 6  

FORMAT(/ /  ’ * * * KFPKIT nID NOT C9FJVERGE WITHIh!’ 
WRITE ( 6  r 112 1 

’ M A X I M U M  NUMBER OF ITEQATIONS * * * * * ‘ / I  

I P K t F z J P T K E P  
I P T K E P = ~  
X I N I T = T S K E P ( l )  
XP=TSKEP(2) 
T ~ ~ P = T S K E P ( ~ )  
TO=T SKEP (4 1 
W R I T E ( 6 e 2 0 0 )  
WHI 1 C ( 6 t rJLK4) 

GO T O  106 

GO B A C K  AND PRINT ITFRATIONS I F  3 E Q U I R b  

IF(JPTK~P.GT.O)GO TO 113 

C A L L  ITERATu~?  (PSEUDO CALL) 

C 
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C 

C 
C 

lilt3 

C 
C 

C 
C 
C 
110 

111 

C 
C 
C 

C 
1UJh 

114 . 
C 

CON7 INUE 
X M I N = Y  Q MOVE I N  LOWER ROUND 
IF(AMAX,LT.(X+DELX))DELX=O.~*(XMAX-X) 

COIJTIP?UE 

DECHEMENT 11ERATTOY COUNTER 

INCkEMEidT X BY CELX AND CONTIWE ITERATION. 
I F  OELX IS TOO SVALL T O  EFFECT X THEN LFbVE LOOP 

I T K t P = I T k E P + l  

TS lZX 
X=X+DELX 
T21tJ=T21 
I F ( k U S ( X - T S l ) . G T . O * ) G O  T3 105 

ITEHATION HAS NOT CONVERGED, RUT DELX 15 SO SMALL I T  WTLL NOT 
E F F t C T  X 

CONT 1 [Jut 

W R I l E ( 6 , l l l )  
F O H M A T ( / / ~ H  t ' * * * * 7ELX IS TOO SYALL TO EFFFCT X * * 
WRITE ( 6 ,  NLK3) 

IF(JPYEP+IPTKEP).FQ.O)GO T O  1 0 6  

* * * ' )  

THROUGH I T E I - < A T I N G ~  CALL STATE V E C T O i i  SUPROUTINE 

CALL rdEwSTI 

X I N l T = X P  
XP=X+XR 
T21P=T21+TH 
IF(IPTKtP.EO,O.AND.JPKEP.EQ.O)RFTUR~ 
WRITE (6, hlLK3) 
WRITE(6t114) 
N A M ~ L I S T / N L K I / X , T D ~ T ~ ~ P T F R R I R T ~ , V T ~ , T T K E P  
WHITE ( 6 ,  FtLKl) 
FORp,,AT(' * * 4 * * SOLUTTON OBTAINFD BY KEPMIT IS 4 * * 
' * * ' )  

SET XP AND 131P TO SOLIJTION VALUT 

C 
C 

RETURN 

END 
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SUBROUTINE LAMMII 

SUrjHOUTINE L A M X I  I 
C +*** L A M b C H T  SUr3rcOiJTINt ( L A M M I T I  
C 
C 
C 

C 

c 

2\11) 

2 J 1  
113 

c 
C 
c 

1 

c 

c 

C 

C 



I .  

C 
C 
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C O P i W T t  I N l i I C I L  tGlJEL;S OF COTGAM IF IF1 IS SET - I F 1  IS F P R M A L L Y  
S E I  GNLY 0 . J  T H t  F I H S T  CALL T O  LA""Bt?T 

C I ( = 1  . E - s  
I F ( I P ~ O L W ~ L J ) G O  T O  339 
C&-u 025 
C G TG Ar.i= ( C 0 T ;4A X +C 0 1 ' 4  I I 1  1 / 2 . 12 I P ' I T I A L  VALUE For? COTGAY 
C C 3 1  G=CUTGA 4 'J T I . I I T I A L  V A L I I F  OF 3COTC; 
T21p=O 0 

r.AE4LL IS T m L K  7 /  I TL. A.4 I C CI T G 4 8 4  I i j C  0 1 G I EPSL A M  I C 0 TMb X I COTM I N I 
l d L 1  I T 2 1 P t  T21 I TFPH r CTHC Tn I STHE 1 A I P ~  I P ~ I C K  I ZLPMIPNI ALPKI 
Z T A  vC7TAtSL T A  I XI I F  7 
1 F ( dbJL API G T 0 !l 0 at. 0 I I 'TL  A:'JiO ';T i) 1 Kf! I TE ( 5 I NLK 3 1 

C 

C 

C 

C 

C 

C 
116 

1 1 7  

l i 5  
C 

C 
C 
C 



3.~2 

321.3 
c 
C 
C 

C 
3v.3 
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300 
C 

119 

C 

330 

3J8 

C 

C 

3\)s 

C 
C 
C 
C 

C 

ll!+ 

C 

C O N 1  I NUE 

W R 1 T E ( 6 ~ 1 1 9 )  
F O R M A T (  9 ***TRANSFER TO9 YEAR 1 8 0  OR 360 DEGREES I N  * 
' L A M M I T  ***'I  
SET I F 5  FLAG 
I F S = 1  
k~ f4 1 T E ( 6 t NL K 3 
RETuHrJ 

F O R M A T ( '  * * * L A W E R T  D I P  NOT CONVERGE W I T H I N '  

I F ( , ~ ~ S ( T E R R ) * L T . E P S L A M ) G n  TO 305 
W R I T E ( 6 r 3 3 8 )  

9 TOLERANCE OF C K l * T 0 2 1 ' )  
IF5=1 D SET FOR *IO SOLtJTION 

LAMbERT HAS N3T CONVERGED WITHIN ALLOWABLE NUY3ER OF ITFQATIONS 
I F ( ~ P T L A v . E Q . ~ ) G O  TO 305 

GO BACK AND PRIIuT ITERATIONS AS 9EQUIRED 
I PL A M = J P T L AM 
I PTL A M= 1 
W R I T E ( 6 t 2 0 0 )  
WRITE ( 6 ,  N L K ~  1 
IF(JPTLAM.GT.O)GO TO 1 1 3  
C O N T I ~ U I L  P CALCULATC V T 1  
TS2=SORT(PN*PMU/RT1(4))  
GV2(1)=VCROSS(UNtURTl)  
VTl(l)=(URTl(l)*COTGAM+GV2(1))*TS2 
V T 1 ( 2 ) = ( U R T 1 ( 2 ) * C O T G A M + G V 2 ( 2 ) ) * T S 2  
V T 1 ( 3 ) = ( U R T 1 ( 3 ) * C O T G A Y + G V 2 ( 3 )  ) * T S 2  
V T 1 ~ 4 ) = S O R T ~ V T 1 ~ 1 ~ * V T l ~ l ~ + V T l ~ ~ ~ * V T l ~ 2 ~ + V T l ~ 3 ~ * V T l ~ 3 ~ ~  

GO T O  'FIEuJSTATE* V I A  INTERNAL ENTRY POINT 'LAMENT' TO C O W U T E  
TERMINAL VELOCITY VT2 I F  FLAG I F V l  I S  CLEAR 

I F ( l F N 1 o E Q e O ) C A L L  LAMENT 

END 
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SUBROUTINE NEWSTI 

c **** 
C 
C 
C 
C 

C 
C 

2 

SUBHOUT I ~ I E  FEWSTI 
STATE VECTOk SUijQOUTINE (NEGST) 
CALLED 3 Y  TTHETApKEPLERvLAMBERT 
INPUT R T l , V T l ~ U R T l , X , Z T A ~ S Z T A ~ ~ Z T A , X 2 C Z T A ~ T ~ l ~ P M U  
OUTPUT H T 2 r V T 2  

INCLUDE QCONIC 

x2=>r*x 
X3=h2*X 
X ~ C L T A = X ? * C L T A  
TSl=;qTl  (t+)-X2CZT4 
T52=T21-X3*SZTA/SQRPMlJ 
DO L K = 1 , 3  
U H T l ( K ) = R T l ( K ) / H T 1 ( 4 )  
RT2(K)=URTl(K)*TSI+VTl(K)*TS2 
R T 2 ( 4 ) = S Q R T ( R T 2 ( 1 ) * R T 2 ( l ) + R T 2 ( 2 ) * R T 2 ( 2 ) + R T 2 ( 3 ) * ~ T 2 ( 3 ) )  

C 
ENTHY LAMENT ENTRY POINT FROV L A Y M I Z  

C 
1 

C 
RETbRfd 

END 
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SUBROUTINE PARAMI 

SUhHOUTINE P A R A M I  
C 
C *+** C O N I C  PARAM~TERS SUBROUTINE (PAX9M) 
C 
C 
C 
C 

C 
C 

C 
C 
C 
C 
C 

1 

C 
C 
C 

C 
C 

C 

C 

CALLED by TIMRAG P TTtiETA 
INPUT RT1,VTltPMt-J 
OUTtUT A L P N ~ P N , C O T G A M ~ U N V U R T ~ P I F C O G A  

INCLlJDE OCONIC 

SG=l  . D FORCES G A M  T O  PE CALCULATED IN QfiNJGE 
D ( 0 , 1 8 0 )  DLG 

IF2=(1 fa FORCES GEOY TO CALCIJLATE IJN 
I F C U G A = U  1;3 CLEARS C ~ T G A P  OVERFLOW TNDICATO~ 

PSEUDO C A L L  TO GFOMETRIC PARAVETFRS SURHOIJTINE 
INPUT R T ~ P V T I P I F ~ ~ S G  
OUTPUT SlN(il\Y, COSGAM* 1)Nt UHT1 vIJVT1 

RESUME 

COT~Ax=COSGAM/SIPJGAM 
I F  GAM /JOT I N  RANGE 1 DCC 47.5 MIrJ TO 178 DEG 12.5 MIN 
THEN SET INDICATOR 

IF(ABS(COTGA~).GT~COTMX~TFCOGA=~ 
C ~ = H T ~ ( ~ ) * V T ~ ( ~ ) * V T ~ ( ~ ) / P M ’ J  
ALPh=2.-C3 12 R A T I O  OF R T l ( 4 )  TO SE’YIIPAJOR A X I S  
PN=c3*SINGAM*SIiJGAM ‘;1 Q A T I O  OF SEYILATUS LATlIS T O  HTl(4) 

RE TuH rd 

END 
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SUBROUTINE PERAPI 

c **** 
C 
C 
C 
C 
C 
C 

SUUttOUTINE PFRAPI 
PERICEIJTEH-APOCENTER SUBROUTINE (PERAPO) 
COMPUTES THk TWO BODY APOCENTER .qPJO PEPTCE”TER ALTITII I~EC, 
CALLED H Y  P J 0 1 P 3 f * P 3 2  THRU P 3 5 ~ P 7 2  THRU P ~ ~ I M A N U P ~ R M  
I NPUT R T 1 I V r 1 I PMU 
OUTPUT HA I tip I ECC * PN t R A  t f?P 

INCLUDE Q C O N I C  
C 

CALL A P S I D I  D APSIDES SURROUTIYE 
C 

C 

C 
END 
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SUBROUTINE TRADI 

c **** 
C 
C 
C 

C 
C 

C 

C 
500 

C 

C 
Sul 

C 
503 

SUUt<OUTIW TRADI 
TIMERAD SUGKOUTINE (THAD) 
INPUT KTl,VTl,PMU,PT2,SRR,IFh 
OUTPUT T ~ ~ , V T ~ ~ I F H P I F C O G A V I F ~  

INCLUDE O C O r J I C  

C A L L  P A R A M I  0 CONIC PA'IAMETEWS SIIRROIJTINE 
IF( iFCOGAoEQ*O)GO T O  500 GI YES 0 SOLIJTIGbI E X I S T 5  

PSEUDO C A L L  TO TTHETA TO I N D I C A T F  YO SOLUTION EXISTS 
K E l t ~ R h l  

CON T I '~ui: 
T S I = C O T G A W * S Q R T ( P N * ( 2 0 ° A ~ P ~ ) )  
TS2=1.-ALPN 
E V E C ~ l ~ ~ U R T l ~ l ~ * T S 2 - U V T l ~ l ~ * T S l  
EVEZ(2)=URT1(2)*TS2-UVTl(2)*TSl 
E V E C ( 3 ) = U H T 1 ( 3 ) * T S 2 = U V T 1 0 * T S l  
E V E C ( ~ ) = S Q R T ( E V E C ( ~ ) * E V E ' ( ~ ) + E V E C ( ~ ) * E V E C ( ~ ) + E V ~ ~ ( ~ )  
* E V t C ( 3 )  1 
U E V E C ( ~ ) = E V E C ( ~ ) / E V E C ( ~ )  
UEVEC(2)=EVEC(2) /EVEC(4)  
UEVEC(3)=EVEC(3) /EVEC(4)  
UEV&C(4)=1o 
I F ( ~ V E C ( ~ ) ~ G E O ~ . / ~ ~ ~ ~ ~ ~ ~ ~ A N D . E V E C ( ~ ) ~ ~ T ~ ~ ~ ) G O  TO 5 0 1  

FAILURE Of &BOVL TEST IhDICATES FAILIJRE 
IF9=1 
RETURN 
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C 
I 594 

2 

C 
C A L L  G E T X I  

C 
IF9=0 O I b ~ D I C A T € S  S O L U T I O b !  IS VALID 
C A L L  OELTII Td CALCULATE: T21  
IF(IF6.EQol)PETURN 
C A L L  NEdSTI 0 CALCULATE F I r J A L  STATE 
RETL~RIJ 

END 
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SUBROUTINE TTHETI 

SU!3 H OUT I NE T T t E T I 
C ***+ TIME-TtiI:TA SUBROUTINE (TTHETAI 

CALLED t j Y  C ~ I / A I C D ~ ~ M V R , P ~ Y ( A N D  P 7 4 ) r P R L C / T T  (IU P35 AN0 P75)rTaAD 
INPUT R T L , V T l , P M U , S T H E T A , C T H E l ~ r I F 6  
OUTPUT H T ~ ~ V T ~ ~ I F ~ P ~ F C O G A  

INCLUDE QCONIC 

CALL P A H A M I  0 CONIC PARk$lETER SUHPOUTINF 
I F ( I F C 0 6 A o E Q e l ) G O  TO 400 '2 'JO SOLlJTION 
CALL S E r x I  

I F C O G A = O  
CALL D E L T I I  ~ U A T T I N C  TRANSCErlDENTAL FUNCTIOVT 

I F ( I F 7 o E Q e l ) G O  TO 901  (2 Y O  SOLUTION 

C 
I F ( I F 6 e i i O e l ) R E T U R N  13 RET'JRN 7'21 
CALL NENSTI Q STATE VECTOR SURROUTINE 
R E T u R :J id RETIJRY T 2 I r P T 2 r V T 2  

C 
400 

C 
4 u 1  

CONTIP.JUE rd N O  SOLUTION GAM T 9  NEnR 0 OR 100 rE-6 
IFCuG4=1 
RETuRi! 

CONT I NU€ $2 YO SOLUTION - CLOSURE THRU INFTb!TTY 
I F C u G A = O  
R E T b i? f J 

END 



APPENDIX Q 

SUBROUTINE D E L T I I  - S E R I E S  SUMMATION FORM 

I '  

C 

C 

S I J f 3 ~ o u T 1 r ~ E  D E L T I  I 
C **** COMPUTES HATTINS TRANSCENDENTAL WNCTICkJS BY YEAYS OF SF-9If-S 

INCLUDE GCaNIC 

7 

C 

C 

0 

29 

9 
C 

IF(ABS(SZTA-SB>.GT.O.OR.ABS(CZTA-CB).GT.O)GO TO B 
GO TO 9 
ICOhT=ICONT+l  
IF(ICONT.LT.~OO)GO TO 7 
w R I T E ( 6 ~ 2 9 1  
FORFAT(/ / / /  9 SERIES FAILED TO CONVERGE I N  DELTIT 9 ) 

x2=x*x  
X2CZTA=X2*CZTA 

C 


